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ABSTRACTS :
I N  T H I S  I S S U E

CH ANGES IN THE POLYUNSATURATED FATTY ACID CONTENT OF PO
TATO TUBERS DURING GROWTH, MATURATION AND STORAGE. J .  H.
SCHWARTZ, R. E. LADE & W . L. PORTER. / .  Food Sci. 33, 1 1 5 - 1 1 8  
( 1 9 6 8 ) —During storage linoleic and linolenic w ere almost the only 
polyunsaturated acids present, but during growth and maturation consider
able amounts of unidentified polyunsaturated acids w ere found. The 
percentage of polyunsaturated acids in the dry weight of tuber decreased 
to a low value near  harvest time and remained near this value through
out the 6.3-month storage per iod, except that the value in Pontiacs stored 
19 days was somewhat high. The percent of polyunsaturates in the total 
fatty acid fraction also dropped to a low value during growth and matu
ration but increased somewhat during storage.

IDENTIFYING NUCLEOTIDIC MATERIALS RELEASED BY FERMENTING 
BREWER'S YEAST. T. C. LEE & M. J .  LEWIS. / .  Food Sci. 33 , 1 1 9 - 1 2 3  
( 1 9 6 8 ) —During fermentation a brew er 's  yeast  released into the medium 
substantial amounts of materials absorbing ultra-violet light at 2 6 0  m^- 
These materials were  separated by chromatography and identified by 
further chromatography and spectrophotometry. Nine nucleotides,  five 
free  bases (purines and pyrimidines) and four nucleosides w ere  identi
fied in the fermented medium and in the intracellular pool of the yeast. 
Som e of these released materials may be  of consequen ce  in the ferm ented 
be verage  industry since they w ere not reabsorbed by yeast and can 
be  expected  to persist to the finished product.

MECHANISM OF RELEASE OF NUCLEOTIDIC MATERIAL BY FERMENTING 
BREWER'S YEAST. T. C. LEE & M, J. LEWIS. J. Food Sci. 33, 1 2 4 - 1 2 8  
( 1 9 6 8 ) —W hen a strain of brewer's yeast grown under suitable conditions 
was suspended in a solution of ferm entable  sugar, nucleotides and other
U.V.-absorbing materials w ere rapidly released from the cells. The 
extent of release d epended on the pH of the medium, the temperature, 
the concentration for fermentable sugar and the presence of membrane- 
protecting (Ca++ or M g++) or membrane-damaging (butanol, detergent)  
reagents.

SEROLOGICAL IDENTIFICATION OF ANIMAL PROTEINS. 1. M ode of 
Injection and Protein Extracts for Antibody Production. M. O . WARNECKE
& R. L. SAFFLE. / .  Food Sci. 33, 1 3 1 - 1 3 5  ( 1 9 6 8 )—Specific antibodies 
w ere developed against skeletal muscle from horse, pork, lamb and beef.  
The antigenic protein material evaluated for antibody production in
cluded actomyosin, serum-alum precipitate, muscle extract-alum precipi
tate , saline extract of muscle and freeze-dried  water extract  of muscle. 
O f  the antigenic protein material and route of injection evaluated, the 
intramuscular injection of 150  mg of freeze-dried  water  extract  of muscle 
with Freund complete adjuvant resulted in the highest titers which were 
observed for at least 120  days.

IDENTIFICATION OF SO ME SUGARS AND MANNITOL IN CELERY.
R. BECKER. / .  Food Sci. 33, 1 2 8 - 1 3 0  ( 1 9 6 8 )—The carbohydrate  content 
of celery petioles was determined using paper chromatographic  techniques.  
Sucrose, glucose, fructose and mannitol w ere identified and quantitatively 
determined. Mannitol crystals were  isolated. Sugars chrom atographed 
with solvents containing boric acid showed characteristic stabilities to 
indicators.

IONIZING RADIATION EFFECTS ON STARCH AS SH O W N  BY STAU- 
DINGER INDEX AND DIFFERENTIAL THERMAL ANALYSIS. V. SAINI.
/ .  Food Sci. 33. 136—138 ( 1 9 6 8 )—Corn starch in the form of raw gran 
ules at commercial moisture was irradiated at two levels i.e. 3 X  106 and 
6 X  108 rad from a Co60 source. Viscosity determinations of starch 
solution diluted with distilled water exhibited the ion ch arge  e f fec t  g e n e r 
ally observed in other macromolecules. The Staudinger indices of unirra
diated, irradiated at 3 X  10° rad and 6  X  108 rad were 4 2 ,  2 2  and 16 
respectively, which were  an indication of depolymerizat ion of starch 
macromolecules with increasing irradiation. The differential thermal analy
sis of the three samples also showed the depolymerizat ion of the polymer 
with irradiation.

THERMAL DEGRADATION OF BLACK RASPBERRY ANTHOCYANIN PIG
MENTS IN MODEL SYSTEMS. G. DARAVINGAS & R. F. CAIN. / .  Food 
Sci. 33, 1 3 8 - 1 4 2  ( 1 9 6 8 ) —The degradation of the major anthocyanin 
component (cyanidin-3-diglucoside), the total isolated pigments and the 
pigment in the natural berry juice was retarded as the pH decreased. 
Under the same conditions, cyanidin was much more unstable than any 
of the anthocyanin containing systems. In all cases studied, replacement 
of the oxygen atmosphere with nitrogen enhanced pigment stability. The 
rate constants for the thermal degradation of cyanidin-3-diglucoside at 
various pH levels under oxygen and nitrogen were determined. The 
sugars studied accelerated pigment destruction to the same extent.

FREE AMINO ACIDS IN HAM MUSCLE DURING SUCCESSIVE A G IN G  
PERIODS AND THEIR RELATION TO FLAVOR. G. R. McCAIN, T. N. 
BLUMER, H. B. CRAIG & R. G. STEEL. J. Food Set. 33 , 1 4 2 - 1 4 6  ( 1 9 6 8 ) — 
The free  amino acids and total ninhydrin positive material (NPM) in a 
1% picric acid extract  from dry-cured hams w ere measured after six 
dif ferent periods of aging. Correlation coefficients w ere calculated b e 
tween amino acid values and taste panel scores. Significant (P <  .05) 
increases were  observed for NPM, serine, glutamic acid, threonine, leu
cine and isoleucine (not separated) , valine, phenylalanine, proline,  tyro
sine, alanine, glycine, and histidine during successive aging periods.
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I N  T H I S  I S S U E

BROW NING AND ASSOCIATED PROPERTIES OF PORCINE MUSCLE.
J .  A. BOWERS, D. L. HARRISON & D. H. KROPF. / .  Food Sci. 33, 1 4 7 - 1 5 1  
( 1 9 6 8 )—Half carcasses of untreated, sugar-fed, and exercised pigs were 
chilled (3 0 °  and 4 2 °F ) .  Duroc muscle usually exhibited less moisture, 
higher "q u a l ity "  scores and g reater  ether extract  and browning than 
Poland China muscle. Color,  firmness, g lycogen, reducing sugar, and pH 
were similar for both breeds. Sugar-feeding produced muscle highest in 
glycogen, reducing sugar, and browning. Exercise produced the highest 
pH; no treatment gave intermediate values for most factors studied. Re
gression analyses and partial correlation coefficients indicated that brown
ing increased as ether extract  and reducing sugar increased.

GLYCOLYTIC I N T E R M E D I A T E S  AND CO-FACTORS IN "FAST''-AND 
"SLO W -GLYC O LYZIN G " MUSCLES OF THE PIG. L. L. KASTENSCHMIDT,
W . G. HOEKSTRA and E. J .  BRISKEY. / .  Food Sci, 33, 1 5 1 - 1 5 8  ( 1 9 6 8 ) — 
The Longissimus dorsi muscles from Chester W hite , Hampshire and Poland 
China animals were  used to establish certain d if ferences in metabolic 
intermediate patterns betw een muscles with " f a s t "  and "s lo w "  rates of 
post-mortem glycolysis. Metabolic intermediate patterns were consistent 
with the concept that phosphorylase is the primary control site of post
mortem glycolysis. Adenine nucleotide levels appeared  to b e  the primary 
regulatory factors for phosphorylase. The phosphofructokinase and py
ruvic kinase enzymes were  also involved in post-mortem glycolytic control.

THE NON-SAPONIFIABLE CONSTITUENTS O F LETTUCE. F. KNAPP, R 
AEXEL & H. J .  NICHOLAS. J. Food Sci. 33.  1 5 9 - 1 6 2  ( 1 9 6 8 )—By means 
of thin-layer chromatography, gas-liquid chromatography and chemical 
analyses the following substances were identified in dried Iceberg lettuce 
(Lactuca sativa L . ) : ceryl alcohol, /3-sitosterol, stigmasterol, campesterol 
and the glycosides of the latter three sterols. An unidentified substance, 
probably a sterol, was detected by gas-liquid chromatography. A mix
ture of tr iterpenes identified as containing /3-amyrin, a-amyrin and \j/-tarax- 
asterol was also found.

CHEMICAL MODIFICATION O F THE E G G  WHITE WITH 3,3-DIMETHYL- 
GLUTARIC ANHYDRIDE. S. K. GANDHI, J .  R. SCHULTZ, F. W . BOUGHEY 
& R. H. FORSYTHE. / .  Food Sci. 33, 1 63—169 ( 1 9 6 8 )—Egg white was 
reacted with 3,3-dimethylglutaric anhydride (DMGA) under mild reaction 
conditions. Eighty % of the free  amino groups and 2 5 %  of the sulf- 
hydryls reacted at 6 0  mol D M GA/m ol e g g  white protein (assuming e g g  
white to have an average molecular weight of 5 0 ,0 0 0 ) .  Electrophoresis 
indicated significant changes of net protein charges, particularly on 
lysozyme which migrates anodically in six separate  bands at higher DMGA 
levels. No molecular aggregation is suggested by ultracentrifugation. 
Foam formation is not seriously altered, but the heat coagulation proper
ties, as evidenced by angel cake failures, are  affected.

DRY LAYER PERMEABILITY AND FREEZE-DRYING RATES IN C O N CEN 
TRATED FLUID SYSTEMS. D. G. QUAST & M. KAREL. J. Food Sci. 33, 
1 7 0 - 1 7 5  ( 1 9 6 8 ) —Permeability was higher for slowly frozen samples of 
co ffee  and of a model system, than for rapidly frozen samples. A surface 
layer of very low permeability was observed in all samples frozen without 
agitation. Permeabilities obtained in steady state measurements corre
lated with permeabilities calculated from freeze-drying rates.

FATTY ACID COM POSITION O F  THE INNER AND OUTER LAYERS OF 
PORCINE BACKFAT AS AFFECTED BY ENERGY LEVEL, SEX AND SIRE.
D. E. KOCH, A. F. PARR & R. A. MERKEL J. Food Sci. 33 , 1 7 6 - 1 8 0  
( 1 9 6 8 ) —In two experiments, the inner layer of backfat consistently con
tained more saturated fatty acids, primarily accounted for by stearic 
acid, and contained less palmitoleic, oleic  and linoleic acids than the 
outer layer. None of the variables in either  experiment significantly 
(P >  .05) affected the dif ferences betw een layers. In Experiment 1, 
energy  levels below 8 0 %  of full feed significantly (P <  .01) decreased 
stearic acid content and increased linoleic acid content.  In Experiment 2 
the fatty acid composition of backfat  from pigs fed 8 0 %  of full feed 
did not differ significantly (P >  .05)  from full-fed pigs.

A STUDY O F  CERTAIN PROPERTIES OF MYOSIN FROM SKELETAL 
MUSCLE. D. W .  Q U A SS & E. J .  BRISKEY. / .  Food Sci. 33, 1 8 0 - 1 8 7  
( 1 9 6 8 )—Myosin prepararions w ere  found to be  pure (by ultracentrifuga
tion, Seph ad ex  separation and superprecipitation tests) and stable with 
normal values for SH groups.  The Ca++-activated ATPase activities of 
myosin extracted from PSE Poland China pigs w ere significantly greater 
than those from Chester W hite  pigs and normal Poland China pigs. 
EDTA-activated ATPase activities w ere greater in myosin from PSE Poland 
China than in normal Foland China.

COM POSITION OF BOVINE MUSCLE LIPIDS AT VARIOUS CARCASS 
LOCATIONS. P. W . O'KEEFE, G . H. WELLINGTON, L. R. MATTICK & 
J .  R. STOUFFER. / .  Food Sci. 33 , 188—192 ( 1 9 6 8 ) —Bovine intramuscular 
lipids extracted  from the semitendinosus triceps brachii and longissimus 
dorsi muscles w ere fractionated into neutral fats and phospholipids. There 
were  significantly lower contents of  total fat  and neutral fat  in the semi
tendinosus as compared to the other two muscles. The phospholipids w ere 
present in all three muscles at a level of  approximately 5 0 0  mg per  1 00  g  
of tissue. There was significantly more C 1 4 :0  in the longissimus dorsi 
neutral fat fractions than in the semitendinosus neutral fat  fractions.
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ABSTRACTS:
I N  T H I S  I S S U E

KINETICS O F THE ENZYMATIC DEVELOPMENT OF PYRUVIC ACID AND 
O D O R  IN FROZEN O N IO N S TREATED WITH CYSTEINE C-S LYASE.
S. SCHWIMMER & D. G. GUADAGNI. / .  Food Sci. 33,  1 9 3 - 1 9 6  ( 1 9 6 8 ) -  
Extracts of commercially frozen onion w ere devoid of strong flavor and 
of L-cysteine sulfoxide lyase. These extracts were  selected as model 
in  situ  substrates for a study of the kinetics of odor production catalyzed 
by the L-cysteine C-S lyase of Albizzia lophanta seed endosperm. The 
results suggest  that both odor and pyruvic acid may b e  produced via the 
same enzyme but that the odor is formed after the formation of pyruvic 
acid. The odor threshold value of some of the enzymatically produced 
odor-bearing constituents in onions may be  less than on e  part per 
billion.

THE FREE AMINO ACIDS OF ISRAEL ORANGE JUICE. B. R. COUSS1N & 
Z. SAMISH. J. Food Sci. 33, 1 9 6 - 1 9 9  ( 1 9 6 8 ) —Twenty-two Israel orange 
juice samples were  analyzed chromatographically , and 16 free  amino 
acids w ere  identified with seven different solvent systems. Aspartic acid, 
glutamic acid,  lysine, alanine,  and proline w ere identified with all seven 
solvent systems; asparagine with six; serine with five,- arginine,  valine and 
leucine with four;  -y-amino-butyric acid with three ;  g lycine, methionine 
and phenylalanine with two; and threonine and tyrosine with one.  A 
quantitative estimation of the free  amino acids indicates that amounts of 
aspartic acid, serine, and alanine are  high compared with California 
orange juice; but glutamic acid and lysine are  low.

RIGOR STATE, FREEZE CONDITION, pH, AND INCUBATION TEMPERA
TURE AND THEIR INFLUENCE O N  COLOR DEVELOPMENT AND EXTRACT 
RELEASE VOLUME IN OVINE MUSCLE HOMOGENATES. C. F. CO O K . 
J. Food Sci. 33, 2 0 0 - 2 0 7  ( 1 9 6 8 )—Buffer-pH, incubation temperature  and 
the interaction betw een these two factors had a highly significant effect  
(P <  0 .0 1 )  on filtrate color and ERV. Rigor state and the interactions, 
rigor state X  buffer-pH, fre e z e  state X  buffer-pH, and freeze  state 
X  incubation temperature had a highly significant ef fect  (P <  0 .0 1 )  upon 
ERV after 24  hr incubation. Pale colored filtrates developed in hom oge
nates that w ere buffered at pH 5 .2  and 5 .6  and incubated at 2 0 ,  30 ,  
and 4 0 ° C .

STEPWISE DISCRIMINANT ANALYSIS OF G A S CHROMATOGRAPHIC 
DATA AS AN AID IN CLASSIFYING THE FLAVOR QUALITY O F FOODS.
J .  J .  POWERS & E. S. KEITH. / .  Food Sci. 33, 2 0 7 - 2 1 3  ( 1 9 6 8 ) —By 
calculating all possible ratios among peak heights and subjecting these 
ratios to discriminant analysis, co ffee  could b e  classified into four flavor 
categories from the gas chromatographic  data. The discriminant analysis 
procedure was set to select the ratio most critical in differentiating among 
the chromatograms, then move on to the next most efficient ratio until 
the samples w ere  classified. The same thing was done for pota to  chips 
except  headspace volatiles w ere used for the gas chromatographic 
analysis. Not only does the procedure  described e n a b le  flavor to be  
correlated with gas chromatographic  data, but the effic iency values for 
each ratio are  useful.

ORGANOLEPTIC IDENTIFICATION OF ROASTED BEEF, VEAL, LAMB AND 
PORK AS AFFECTED BY FAT. A. E. WASSERMAN & F. TALLEY. J. Food 
Sci. 33 , 2 1 9 —2 2 3  ( 1 9 6 8 ) —Only about one-third of the panel could identify 
correctly all four meats by memory of  the flavors. Beef and lamb, but 
not pork and veal, w ere identified significantly less often when lean 
ground roasts w ere tested than when normal ground roasts (containing 
fat) w ere used. Texture,  color,  mouth feel,  and other factors may be 
important in the identification of meat.

TEXTURE PROFILE OF RIPENING PEARS. M. C. BOURNE. / .  Food Sci. 33, 
2 2 4 - 2 2 7  ( 1 9 6 8 )—Sample of pears in a ripening room were taken out at 
regular intervals for texture  measurements which consisted of the Magness- 
Taylor pressure test and a modified G eneral Foods Texture Profile. The 
adhesiveness was zero. The viscosity could not b e  measured. All other 
parameters of the G . F. Texture Profile d ecreased  during ripening at 
approximately the same rate as the pressure test. This characteristic of 
ripening pears could be  responsible for the success of a simple single 
measurement (the puncture test) for measuring the complex phenomenon 
"textural quality" of pears.

DETERMINATION O F FLAVOR THRESHOLD LEVELS AND SUB-THRESHOLD, 
ADDITIVE, AND CONCENTRATION EFFECTS. E. S. KEITH & J .  J .
POWERS. J. Food Sci. 33, 2 1 3 —2 1 8  ( 1 9 6 8 )—The flavor threshold co n 
centrations of 2 3  compounds composing an artificial peach be v erag e  
base w ere determined. The threshold levels ranged from 5 2  ppm to 
0 .4  ppb. Sub-threshold and additive sub-threshold effects resulted from 
only a few of the flavor combinations tried. C h ange in concentration of 
on e  compound in a mixture of six compounds was not readily d etectab le  
organoleptically. The difference in concentration could b e  d etected  gas 
chromatographically, but only if the mixtures w ere extracted with pentane 
and concentrated.
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C h a n g e s  i n  t h e  P o l y u n s a t u r a t e d  F a t t y  A c i d  C o n t e n t  o f  P o t a t o  

T u b e r s  D u r i n g  G r o w t h ,  M a t u r a t i o n  a n d  S t o r a g e

SUMMARY—K enn ebec  and Red Pontiac potatoes w ere ana
lyzed for fatty acids at intervals during growth and matura
tion of the tubers  and subsequent storage  at  4 ° C .  During 
storage linoleic and linolenic w ere  almost the only poly
unsaturated acids present, but during growth and maturation 
considerable amounts of unidentified polyunsaturated acids 
were  found. The p ercentage  of polyunsaturated acids in the 
dry weight of tuber decreased  to a low value near harvest 
time and remained near this value throughout the 6.3-month 
storage period, except  that the value in Pontiacs stored 19 
days was somewhat high. The percent of polyunsaturates in 
the total fatty acid fraction also dropped to a low value 
during growth and maturation but increased somewhat during 
storage.  For this reason it may b e  better, when practicable,  
to make dehydrated products from freshly-harvested rather 
than from stored potatoes.

Potato dice contained as much polyunsaturated acid as the 
tubers they w ere made from; potato flakes contained so me
what less. In both products the d eg ree  of unsaturation of the 
fatty acid fraction was the same as for the tubers. No off- 
flavors w ere  noticed when samples w ere reconstituted. 
Apparently  little or no oxidation took place during the 
processing.

INTRODUCTION
T h e  q u a n t i t y  o f  l i p i d s  in the white potato may be too 

small to be of nutritional significance. Various authors 
report values of 0 . 0 2  to 0 . 2  for the percentage of fat on a 
wet basis, as quoted by Lampitt et al. (1940). Volksen
(1950) isolated and characterized linoleic and linolenic 
acids from potato fat but gave no quantitative data. Using 
spectrophotometric methods, Highlands et al. (1954) found 
41% linoleic acid and 28% linolenic acid in the fat of 
Katahdin potatoes. Buttery et al. (1961) isolated linoleic 
and linolenic acids from Russet Burbank potatoes by use 
of gas chromatography and identified them by their infra
red spectra; they reported 53% linoleic acid and 20% 
linolenic acid.

Because of the highly unsaturated nature of the fatty 
acids, the small quantity present is responsible for at least 
part of the oxidative off-flavor formed during the storage 
of dehydrated potato products. Burton (1949), Hendel 
et al. (1951), and Highlands et al. (1954) presented evi
dence indicating that certain off-flavors in dehydrated po
tato products are the result of unsaturated fatty acid oxi
dation. Buttery et al. (1961) demonstrated that during 
the storage of canned potato granules there is a correla
tion between the decrease in the unsaturation of the fatty 
acids, the decrease in the oxygen content of the head space, 
and the increase in off-flavor.

If there is a change in the concentration of polyunsatu
rated acids in potatoes during maturation or subsequent

storage of the tubers, it may be possible to select a time 
for processing which will favor a reduced tendency toward 
the development of oxidative rancidity in dehydrated 
products.

Hilditch (1951) reviewed work showing a notable in
crease in unsaturation in many oil seeds during the final 
stage of ripening. For potatoes, little has been published 
on this subject. Mondy et al. (1963) analyzed potatoes 
stored for 2 to 16 weeks at 4°C. For Red Pontiacs, they 
found that the mole percentage of linoleic acid decreased 
from 51 to 7, but the corresponding values for linolenic 
increased from 16 to 37. However, for the Ontario variety, 
linoleic remained constant at 28%, and linolenic showed a 
slight decrease from 37% to 32%. In both varieties, total 
crude lipids decreased slightly. Cotrufo et al. (1964) 
reported a small increase in total fatty acids (averaged 
over nine varieties) during two months of storage at 22°C 
followed by a small decline in subsequent months.

The present study was made to follow changes in the 
polyunsaturated fatty acid concentrations which occur dur
ing growth, maturation, and storage of the tuber and to 
determine to what extent these acids were oxidized during 
processing.

EXPERIMENTAL
S a m p l e s  o f  K e n n e b e c  a n d  R e d  P o n t i a c  potatoes 

grown in the Red River Valley were dug at intervals dur
ing growth and maturation and shipped to this Laboratory 
by Air Express. Ten pounds of each variety were sent in 
each of the first four shipments, 25 pounds of each in the 
fifth shipment. The first shipment, dug August 3, 1965, 
contained Kennebecs ranging in length from 2.5 to 7.5 cm 
and Red Pontiacs ranging in length from 3.5 to 7.0 cm. 
The fourth shipment consisted of potatoes dug on Septem
ber 15—two days after the vines were sprayed with 
herbicide. Upon harvest (September 24), samples of the 
tubers were taken for the fifth shipment; the rest were 
cured for two weeks at 18°C and then put in storage at 
4°C. Samples weighing 25 pounds were subsequently 
taken at various storage intervals and shipped to this 
Laboratory.

Upon receipt of the shipments, three representative 
samples of each variety were obtained by arranging the 
potatoes in order of size and selecting equal numbers of 
each size. Although the fat is more concentrated in po
tato peels than in the rest of the tuber (Volksen, 1950), 
most of the skin was removed by peeling for 2 0  sec in 
an abrasive peeler (Toledo Vegetable Peeler, Model A l- 
15) to simulate more nearly conditions in the potato 
processing industries. After this, stem material, buds and
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sprouts, deep eyes and bad spots were removed. The 
potatoes were then rinsed, dried roughly, and French-fry 
sliced into strips about 6 mm thick. After the strips were 
mixed, 350-g samples were packed loosely into 125 mm 
diameter crystallizing dishes. These were placed in poly
ethylene bags and stored at — 20°C until analyzed.

Potato flakes and dice were made by the Red River 
Valley Potato Processing Laboratory at intervals during 
storage of the tubers. Flakes were made by the potato 
flake process developed by Sullivan et al. (1961); dice 
were prepared by cooking diced potatoes and drying the 
dice in a forced-draft tray dryer. Upon receipt at this 
Laboratory, the processed products were removed from 
their bags, sealed in cans under nitrogen, and stored at 
—20°C.

Freeze-dry ing

Duplicate samples of the potato strips (the third sam
ple was kept as a reserve) were transferred to stainless- 
steel screen baskets a little larger in diameter than the 
crystallizing dishes and freeze-dried on heated metal trays 
thermostatically controlled at 27°C (Lucite Tray Dryer 
L-100, Associated Testing Laboratories, Inc.). To follow 
the course of the drying, small metal thermometers were 
placed horizontally on the trays. A layer of Wood's metal 
was melted over the thermometer stems to hold them in 
place and to insure good heat conduction. Sublimation 
kept the shelf temperatures low during the freeze-drying; 
when they had risen to 27°C for a few hours, the drying 
was stopped.

P reparation o f fa t ty  acid m e thy l esters

The dried potatoes were ground in an Intermediate 
Model Wiley Mill with a 40-mesh screen. The ground 
material was mixed in a jar after the head space was 
filled with nitrogen, and duplicate 1 g samples were taken 
for determining solids by oven-drying at 110°C.

The potato lipids were saponified and the fatty acids 
extracted by a modification of the method used by But
tery et al. (1961) for potato granules. Sixty-g samples 
were mixed with a solution of 28.0 g KO H  (assay 86% ) 
in 350 ml of 90% ethanol. At this point, approximately 
18 mg of methyl nonadecanoate or 30 mg of methyl 
behenate, weighed accurately on a microbalance, was 
added as a standard. The mixture was allowed to stand 
four days at room temperature and then filtered. The 
filtrate was concentrated in a rotary evaporator with bath 
temperatures below 38°C. After extraction of the un- 
saponifiables, the mixture was acidified to pH  2.0 with 
concentrated HC1 (pH  meter) to obtain the free acids.

Methyl esters were prepared by refluxing for 75 min a 
mixture of the acids in 5 ml of hexane with 70 ml of 5% 
H 2S 0 4 (w /v ) in dry methanol containing a crystal of 
hydroquinone. The reaction mixture was cooled and 
30 ml of water was added. The mixture was then ex
tracted with hexane and the resulting extract was washed 
with water and dried overnight with 4:1 anhydrous 
Na2SC>4 -NaHCO;i. It was then concentrated to about 
5 ml under a nitrogen jet, passed through a 1.3 cm long
1.0 cm diameter column of Florisil, and concentrated 
further to about % ml in a sample tube which had been 
drawn to a point.

Gas chrom atography

Samples were analyzed on an F & M Model 810 Chro
matograph with a thermal conductivity detector. The 
columns used were 8-ft by %-in. stainless steel tubing 
packed with 10% diethylene glycol succinate (Applied 
Science Laboratories, Pretested Grade) on 70-80 mesh 
Gas-Chrom RZ. Runs were made isothermally at 218°C 
with a helium flow of 60 ml/min. An Infotronics Model 
CRS-11HS digital integrator, connected directly to the 
output of the detector cell, was used to measure relative 
peak areas.

Methyl nonadecanoate was used as standard for the 
analysis of the first four potato shipments. However, by 
the fifth shipment it was apparent that only a slight de
terioration of the chromatographic column was resulting 
in poor resolution of the nonadecanoate and linolenate 
peaks. For this reason both nonadecanoate and behenate 
were used for analysis of the fifth shipment, and only 
behenate was used in subsequent analyses, because its elu
tion time was sufficiently different from that of all the 
potato acids. No difference was found between results 
based on the two standards.

RESULTS AND DISCUSSION

Two types of determination have a bearing on this 
study—the percent of the total potato solids represented 
by the polyunsaturated acids and the percent of the total 
fatty acid fraction represented by the polyunsaturated 
acids. The concentration of these acids in the total solids 
should affect the amount of oxidation products that accu
mulate in dehydrated potatoes. This value was calculated 
by comparing peak areas with the peak area produced 
by a known quantity of standard. The concentra
tion of polyunsaturates in the total fatty acids, which 
was calculated from relative peak areas alone, should 
affect the rate at which the oxidation products form 
(Bolland, 1948; Buttery et al., 1961).

To calibrate the gas chromatographic method, weighed 
amounts of methyl behenate and a standard mixture of 
methyl palmitate, stearate, oleate, linoleate and linolenate 
(Applied Science Laboratories, Inc. mixture K-108) 
were made up to volume in separate flasks. The two solu
tions were mixed in varying proportions and samples were 
run on the gas chromatograph. Ratios of the weight of 
each ester to that of the methyl behenate ranged from 
0.2 to 3.6. Sample sizes were chosen to give a methyl 
behenate peak area similar to that which was maintained 
in analyzing the potato samples. Plots of weight ratios 
of each ester to behenate versus the corresponding peak- 
area ratios showed a linear relationship. Although de
tector response was somewhat lower for late-appearing 
peaks, correction factors were not used because errors 
were too small to affect conclusions concerning change 
with tuber maturity or storage time.

The over-all precision of the analytical method was 
estimated for linoleic and linolenic acids by calculating 
the coefficient of variation (the Standard E rror for dupli
cate determinations X 100 divided by the mean). This 
value differed somewhat depending on whether the seven 
larger values for each ester (seven including results for 
both varieties, Tables 1 and 2) or the 10 smaller values
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T a b le  1. Ch anges in acid concentrations in R e d  P o n t ia c  potatoes.1

Maturation Storage

Date 8 /3/65 8/16 8/30 9/15 9/242 10/13 11/23 1/24/66 3/30

P alm it ic .27 .29 .34 .12 .12 .19 .094 .098 .095
S te a r ic .026 .029 .026 .017 .020 .042 .015 .016 .016
O leic .010 .012 .015 .004 .005 .009 .003 .003 .009
L in ole ic .46 .64 .50 .094 .14 .29 .17 .16 .14
Lin olenic .24 .33 .29 .044 .062 .14 .074 .088 .10
Unidentified 3 .14 .051 .33 .059 .026 .002 .001 0 0
T o t a l  acids 1.21 1.42 1.63 .35 .38 .72 .36 .37 .37
P e rce n t  un

saturates  4 73 75 74 58 60 64 68 67 66

1 A v e ra g e  of  duplicate determinations reported as percent methyl ester on potato dry matter.
2 D a te  of h a r v e s t ;  potatoes w ere  planted on 5 /2 8 .
3 Includes only one p e a k ; oth er  unidentified peaks very small.
4 P e rce n t  polyunsaturated esters  based on total  fa tty  acid esters.

T a b le  2. C hanges in acid concentrations in K en n ebec  potatoes.1

Maturation Storage

Date 8/3/65 8/16 8/30 9 / 1 52 10/13 11/22 1/24/66 3/29

P a lm it ic .19 .31 .22 , i i .12 .084 .079 .078
S te a r ic .024 .029 .023 .020 .022 .017 .015 .017
O leic .007 .014 .009 .006 .005 .003 .003 .004
L in ole ic .47 .48 .36 .18 .17 .16 .17 .14
Lin olenic .16 .19 .14 .064 .054 .071 .076 .074
U n id en t i f ied 3 .32 .15 .02 7 .026 .004 0 0
T o t a l  acids .88 1.48 .95 .42 .41 .35 .35 .32
P e rce n t  un

saturates 4 73 73 72 66 62 68 71 68

1 A v e ra g e  of  duplicate determinations reported as percent methyl ester on pota to dry  m atter .  
3 V in es  killed  on 9 / 1 3 ;  potatoes w ere  planted on 5 /2 8 ,  harvested on 9 /2 4 .
3 Includes only one p e a k ; other unidentified peaks very  small.
4 P e rce n t  polyunsaturated esters based on total  fa tty  acid esters .

were used in its calculation. The coefficients for the 
linoleate determination were 11.3% for the large values 
and 8.1% for the small ; the corresponding coefficients for 
the linolenate determination were 13.2% and 12.9%.

Changes in the concentrations of linoleic and linolenic 
acids in the tubers both followed the same trend. Fig. 1 
shows changes in the sum of the two and also changes in 
concentration of the largest unidentified peak. Mass spec
troscopy indicated the latter to be a mixture with molecu
lar weights corresponding to those of long-chain poly
unsaturated acids. A l t h o u g h  not fully identified, the 
mixture does not affect the overall conclusions since its 
concentration mainly follows the same trend as that of the 
known polyunsaturated acids. Other unidentified peaks 
were too small to be of consequence.

Fig. 1 shows that in immature tubers the percent of 
polyunsaturates on the dry weight of potatoes is very high, 
falls to a low point near harvest time, and then remains 
fairly constant during storage. Exceptional is the high 
value in Pontiacs which had been stored 19 days. Results 
calculated on a fresh-weight basis would be similar for the 
stored potatoes since the concentration of solids does not 
change during storage. However, since immature tubers 
are low in solids (M urphy et al, 1959), fresh-basis values 
would be lower for this period.

In Fig. 2 the percent of polyunsaturated acids in the 
total fatty acids is shown. As in the case of the percent

based on total solids, this value for the Pontiacs starts out 
high in the immature potatoes and soon falls to a low point 
near harvest time. For the Kennebecs the trend is similar, 
but no data were obtained on the freshly-harvested pota
toes ; the low point shown is for tubers stored 19 days. In 
both varieties the fatty acid fraction of stored potatoes is

Fig. 1. Variation of the dry weight percentage of polyunsatu
rated fatty acids in tubers w ith grozvth, maturation, and storage 
time. The potatoes were harvested on 9/24/65. Results are plotted 
as percent methyl ester on dry weight of tuber.



118— JOURNAL OF FOOD SCIENCE— Volume 33 (1968)

T a b le  3. A cid  concentrations in flakes prepared from  potatoes stored for  various per iods.1

Date of 
preparation

Red Pontiacs Kennebecs

10/8/65 11/16 1/20/66 3/29 10/8/65 11/16 1/20/66 3/29

P a lm it ic 2 .053 .077 2 .047 .054
S te a r ic .011 .013 .011 .011
O le ic .002 .002 .002 .001
L in ole ic .15 .19 .10 .13 .14 .13 .11 .11
Lin olenic .051 .065 .039 .074 .040 .044 .039 .051
T o t a l  acids .21 .30 .21 .23
P e r c e n t  un

saturates  8 66 68 70 70

1 A v e ra g e  o f  duplicate d eterminations reported as percent methyl ester on potato dry  m atter.
2 T h e  first  two samples of f lakes (o f  each v a r ie ty )  had been treated with an additive.
8 P e rce n t  polyunsaturated esters  based on tota l  fa t ty  acid esters.

more unsaturated than that of potatoes analyzed near har
vest time.

From both Figures it appears that nothing can be gained 
by processing somewhat immature potatoes but, from the 
standpoint of the degree of unsaturation of the fatty acid 
fraction, it is better to process freshly-harvested potatoes 
than stored potatoes. Flowever, this is not often practical 
since most dehydration plants must use stored potatoes.

The concentrations of palmitic, stearic, and oleic acids 
in the potato solids, and that of the total acids (Tables 1 
and 2 ), follow the same trends noted for the polyunsatu
rated acids during the growth and maturation of the tuber.

Fig. 2. Variation of relative concentrations of polyunsaturated 
acids in the fatty acid fraction during growth, maturation, and 
storage of tubers. The potatoes were harvested on 9/24/65. Results 
are plotted as percent methyl ester on total weight of fa tty acid 
esters.

T a b le  4. A cid  concentrations 
stored for  various per iods.1

in dice prepared from potatoes

Date of 
preparation

Red Pontiacs Kennebecs

1 1 1 /2 4 /6 5 1 /2 0 /6 6 3/28 11/24/65 1/20/66 3/28

P a lm it ic .069 .090 .093 .089 .074 .073
S t e a r ic .014 .013 .014 .014 .015 .015
O le ic .004 .004 .004 .003 .004 .003
L in o le ic .16 .16 .17 .17 .16 .14
L in olenic .053 .074 .10 .061 .067 .071
T o t a l  ac ids 
P e r c e n t  un-

.31 .35 .39 .35 .32 .31

satu-
ra tes  2 70 68  70 68 70 69

1 A v e ra g e  of duplicate  determinations reported as percent methyl 
ester on dry m atter.

2 P e rce n t  polyunsaturated esters  based on total  fa tty  acid  esters.

As in the case of the latter acids, changes during growth 
and maturation were much more pronounced than during 
storage.

Fatty acid composition of the potato flakes and dice is 
shown in Tables 3 and 4. The dice contain about the same 
amount of unsaturates as the tubers from which they 
were m ade; the flakes contain somewhat less. In  both 
products the degree of unsaturation of the fatty acid frac
tion is the same as for the tubers. No off-flavors were 
noticed when samples of the flakes and dice were recon
stituted. Apparently little or no oxidation took place dur
ing the processing.
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I d e n t i f y i n g  N u c l e o t i d i c  M a t e r i a l s  R e l e a s e d  b y  F e r m e n t i n g  B r e w e r ' s  Y e a s t

SUMMARY—During fermentation a brewer's yeast released 
into the medium substantial amounts of materials absorbing 
ultra-violet light at 260 m T h e s e  materials were separated 
by chromatography and identified by further chromatography 
and spectrophotometry. Nine nucleotides, five free bases 
(purines and pyrimidines) and four nucleosides were identified 
in the fermented medium and in the intracellular pool of the 
yeast. Some of these released materials may be of conse
quence in the fermented beverage industry since they were 
not reabsorbed by yeast and can be expected to persist to 
the finished product.

IN T R O D U C T I O N

I t  has been known for many years that when yeast 
fermented a sugar solution, nitrogen-containing substances 
were released into the medium. Some of the released sub
stances were amino acids and some strongly absorbed
U.V.-light at 260 m D e l i s l e  et al. (1961) showed 
that the U.V.-absorbing fraction was nucleotidic material 
of low molecular weight which was released from viable 
healthy yeast cells; i.e., leakage was not the result of 
autolysis. Higuchi et al. (1959) considered leakage of 
nucleotides to be the result of enzymic degradation of 
RNA.

Lewis et al. (1963) showed that nucleotide release was 
stimulated by conditions favoring fermentation and growth, 
and that the released material was not subsequently utilized 
by the yeast. It seemer plain, therefore, that in fermenta
tion to produce beer or wine, the released material would 
contribute to the composition of the finished product.

This work was undertaken to determine the nature of 
the material released under simple conditions of fermen
tation in an attempt to evaluate the importance of the 
release of nucleotidic material in beer or wine quality.

M E T H O D S  A N D  M AT ER IAL S
Test organism

The yeast used (yeast L ) was a flocculent commercial 
strain of Saccharomyces carlsbergensis. It was grown as 
previously described (Lewis et al., 1964) under anaerobic 
conditions in a medium rich in organic nitrogen containing 
glucose as fermentable sugar. The yeast was grown for 
three days, harvested by centrifugation, washed three 
times in distilled water and used immediately.

Fermentation experiments were conducted in a 2% w/v 
solution of glucose for 3 to 5 hr at room temperature using 
the yeast at a concentration of 1 0  mg (dry wt) per ml. 
At the end of this period the glucose was exhausted.

T h e  m a t e r i a l  i n  t h i s  p a p e r  i s  p a r t  o f  a  t h e s i s  s u b m i t t e d  b y  T .  C , 
L e e  t o  t h e  G r a d u a t e  S c h o o l  o f  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  i n  p a r 
t i a l  s a t i s f a c t i o n  o f  t h e  r e q u i r e m e n t s  f o r  t h e  M .S .  d e g r e e  in  F o o d  
S c ie n c e .

Concentration of nucleotidic material
The yeast was removed from the fermented medium by 

centrifugation and filtration (Millipore filter). The nucleo
tidic fraction was then concentrated by Nakajima’s (1963) 
m ethod: the fermented medium was adjusted to pH 2.0 
with 1.0 N  HC1 and passed through a column of activated 
charcoal. The column was thoroughly washed with dis
tilled water to remove interfering substances. Nucleotidic 
materials were then eluted from the column with 15 ml 
of 3.0% ammonia in 50% ethyl alcohol at a flow rate of 
0.5 ml/min. The eluate was evaporated to dryness and 
the residue was redissolved in a small amount of distilled 
water. Recovery of nucleotides by this method was about 
95%.

Intracellular nucleotides were extracted by exposing the 
yeast to boiling water for 2 0  min.

Chromatography
The sample was adjusted to pH  6  to 7 and applied to 

a column of Dowex-1 purchased in the formate form 
(AG-1-X8, 200 to 400 mesh Bio-Rad Laboratories, Rich
mond, Calif.). The column was 23 cm high and 10 mm 
in diameter. After the sample was applied, the column 
was washed with distilled water until the O.D. 260 of the 
eluate was zero. This procedure removed nucleosides and 
purine and pyridine bases from the column. The nucleo
tides were then eluted using a formic acid/formate gradient.

A four-bottle system was used as shown in Fig. 1. The 
bottles contained (1) 500 ml distilled water, (2) 500 ml 
distilled water, (3) 500 ml of 0.5 N  formic acid and (4) 
500 ml of 0.5 N  formic acid containing 0.5 M  ammonium 
formate. The gradient took about 40 hr for completion. 
The column was finally flushed with 200 ml of 4 N  formic 
acid containing 0.8 M  ammonium formate. The fractions 
corresponding to each peak were pooled and the O.D. 260 
of each separated peak was used to calculate the amount 
of nucleotide present.

The material was then concentrated in a rotary evapo
rator and treated by Nakajima’s (1963) method to remove 
formic acid and formate. The samples were then ready 
for further chromatography on a column (where separa
tion was inadequate) thin layer plates or on paper. The nu- 
cleoside/free base fraction was examined directly by paper 
or thin-layer chromatography.

For paper chromatography Whatman No. 1 paper was 
used. The two solvent systems chosen w ere:

1. Isobutanol: water : cone. N H 4OH (66 :33 :1 )
2. n-Butanol: water : acetic acid (4 :1 .7 :1 )
The chromatograms were developed for 17 to 20 hr by 

conventional descending-front techniques. The paper was 
then dried in air and the U.V absorbing materials were 
located on the paper with a short wave-length ultraviolet
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lamp (maximum emission 250 g, Mineral Light, U ltra 
Violet Products Inc., San Gabriel, Calif.). Comparison 
was made to standards.

For thin-layer chromatography, plates (20 X 20 cm) 
were prepared according to Stahl (1965) using MN-300 
cellulose powder (Macherey, Nagel and Co., Duren/Khld., 
Germany). Chromatograms were developed in tert-amyl 
alcohol:formic acid:water (3 :2 :1 )  or in saturated am-

Fig. 1. Schematic representation of the apparatus used fo r the 
separation of nucleotide material present in the fermented glucose 
solution or extracted from yeast.

monium sulfate : 1 M  sodium citrate : isopropanol (4 0 :9 :1 ) 
by ascending front for 3 hr. The nucleoside/free base frac
tion was also determined using distilled water as develop
ing agent. Materials were located as before using the 
short wave-length lamp. Comparison was made to stan
dards.

Spectrophotometric analysis
After chromatographic separation, suitably diluted sam

ples were examined spectrophotometrically at acid (pH  2) 
neutral (pH  7) and alkaline (pH  11) pH. These pH 
levels were established with 0.01 N  HC1, 0.02 M  phosphate 
buffer and 0.002 N  NaOH respectively. The spectra were 
determined in a Beckman DK recording spectrophotometer 
and compared to authentic standards.

Fractionation of beer
The nucleotidic material in degassed beer was concen

trated by Nakajima’s (1963) method described above. 
The material eluted from the charcoal column was further 
fractionated into nucleotide or nucleoside/free base frac
tions by its affinity or lack of affinity for a column of 
Dowex-1 formate-form.

RESULTS
Characteristics of the release material

By treatment with Dowex-1 resin, nucleotidic material 
was readily divided into two fractions : a nucleotide frac
tion and a nucleoside/free base fraction. The material 
released into the medium and the material extracted from 
the yeast were separated in this way.

The results of this fractionation are shown in Table 1. 
It can be seen that during fermentation, there was a ten
dency for the intracellular nucleoside fraction to increase 
somewhat at the expense of the nucleotide fraction (com
pare yeast in glucose solution to yeast in w ater). Similarly 
the material released from yeast suspended in water or 
glucose solution contained a rather higher proportion of 
nucleosides than did the intracellular material. These 
observations could be explained by selective utilization of 
nucleotides during fermentation, or by dephosphorylation

T a b l e  1. R e l a t i o n s h i p  o f  n u c l e o s id e s  a n d  f r e e  b a s e s  ( B )  o r  n u c l e o t id e s  ( C )  t o  u l t r a v i o l e t  a b s o r b i n g  s u b s t a n c e s  
( A ) ,  ( a )  in  t h e  p o o l ,  o r  ( b )  r e l e a s e d  i n t o  t h e  m e d iu m .

Sample
(A)Total O.D. at 260 m/i

(B)Nucleosides and free bases. O.D. at 260 m/i

(C ).Nucleotides O.D. at260 mft
Nucleosides as % of total (B)/(A) X 100

Nucleotides as % of total (C)/(A) X 100 Nucleotidetriphosphates1
E x t r a c e l l u l a r  le v e l  ( b )  
a f t e r  e x p o s u r e  o f  y e a s t  
t o  g l u c o s e  s o lu t io n

8 5 0 3 55 4 9 5 4 1 % 5 9 % a b s e n t

I n t r a c e l l u l a r  le v e l  ( a )  

a f t e r  e x p o s u r e  o f  y e a s t  
t o  g l u c o s e  s o l u t i o n

2 8 3 0 765 2 0 6 5 2 5 % 7 5 % p r e s e n t

E x t r a c e l l u l a r  le v e l  ( b )  
a f t e r  e x p o s u r e  o f  y e a s t  

t o  w a t e r
1 70 3 7 133 1 8 % 8 2 % a b s e n t

I n t r a c e l l u l a r  le v e l  ( a )  

a f t e r  e x p o s u r e  o f  y e a s t  
t o  w a t e r

3 1 5 0 3 3 4 2 8 1 6 1 1 % 8 9 % p r e s e n t

1 M a t e r i a l  r e m a i n i n g  o n  D o w e x - 1  c o lu m n  a f t e r  c o m p le t io n  o f  g r a d i e n t  e lu t io n .
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of nucleotides during fermentation or release. The material 
released during fermentation was found to be 60% nucleo
tide and 40% nucleoside/free base.

Identification of Nucleotides
A concentrated sample of nucleotidic material obtained 

from the fermented medium or extracted from the yeast 
was applied to a Dowex-1 column (formate form) as 
described. The column was washed with distilled water 
until the eluate had an optical density of zero at 260 tn/*. 
The formic acid/formate elution gradient was then begun. 
The position of elution of the peak from the column was 
a preliminary indication of identity. Fractions contain
ing the individual peaks were pooled, concentrated, and 
then applied to thin layer plates and paper chromatograms. 
A number of standards were included on each chromato
gram to provide identification. Identity was considered 
proven if a peak moved on thin layer plates and on paper 
in several solvent systems with one authentic standard. 
In most cases this was further confirmed by examining the 
U.V.-absorption spectrum of the unknown at several pH 
values and comparing this to the standard.

The trace shown in Fig. 2 was rather routinely obtained 
from chromatographic analysis of the nucleotide fraction 
of the medium on an ion exchange column. The identities 
of the peaks are given. Fig. 3 shows a chromatographic 
separation of the U.V.-absorbing material extracted from 
the yeast. The intracellular material was found to be 
qualitatively similar in composition to that of the released 
material (Fig. 2 ), and no compound was identified in the 
medium that was not also present intracellularly. Release 
of nucleotides by yeast suspended in water is shown in 
Fig. 4.

Table 2 shows the amount of individual nucleotides 
released by yeast or extracted from the intracellular pool.

FRACTION NUMBER (10 ML EACH)
Fig. 2. Separation of nucleotides released by yeast L  during 

fermentation of glucose solution fo r 3 hr.

As indicated in Table 1, the released material was related 
qualitatively but not quantitatively to the material present 
in the intracellular pool.

In Fig. 2, 3, 4 and Table 2, the location of the phosphate 
group on the ribose ring is given as being at the 5'-position. 
This was demonstrated by using a specific enzyme method 
described by Nakajima (1963). The individual peaks 
were collected and concentrated and reacted with the en
zyme 5'-nucleotidase (Takeda Chemical Industries, Park 
Avenue, N. Y .). The release of inorganic phosphate was

FRACTION NUMBER (10 ML EACH)
Fig. 3. Separation of nucleotidic material extracted from yeast 

L after fermentation for 3 h r in a solution of glucose.

FRACTION NUMBER (10 ML EACH)
Fig. 4. Separation of nucleotides released by yeast L  suspended 

fo r 3 hr in distilled water.
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T a b l e  2 . N u c l e o t i d e s  r e l e a s e d  b y  y e a s t  o r  p r e s e n t  in  t h e  i n t r a c e l l u l a r  p o o l  a f t e r  3  h r  o f  
in c u b a t io n .1

Y east suspended 
in  w a te r :—

E x tra c e llu la r  In tra c e llu la r

Y east suspended  in 
glucose so lu tio n :—  

E x tra c e llu la r  In tra c e llu la r

N i c o t i n a m i d e - a d e n i n e  d i n u c l e o t id e 70 6 6 0 163 3 3 0

c y t id in e  5 '- m o n o p h o s p h a te 70 3 7 0 69 645

a d e n o s in e  5 '- m o n o p h o s p h a te 32 6 0 0 57 6 9 0

g u a n o s in e  5 '- m o n o p h o s p h a te — 4 3 0 47 167

u r i d i n e  5 '- m o n o p h o s p h a te — 2 9 0 4 7 143

a d e n o s i n e - d i p h o s p h a t e — 192 63 194

c y t id in e - d ip h o s p h a t e — 8 6 0 63 575

g u a n o s i n e - d i p h o s p h a t e — 475 77 3 7 0

u r i d i n e - d i p h o s p h a t e — 10 1 0 33 3 2 0

T r i p h o s p h a t e  o r  o l i g o - n u c l e o t id e s — + — +

1 N u c le o t id e s  a r e  r e p o r t e d  a s  f i g / 'g  o f  y e a s t ,  d r y  w e i g h t .  —  a b s e n t ,  +  p r e s e n t .

taken as proof of a phosphate group at the 5'-position 
since the enzyme was found to be inactive on phosphate 
groups located at the 2'- or 3'-position of the ribose ring.

The identity of n ico tinam ide-aden ine dinuclotide 
(N A D ) was confirmed using alcohol dehydrogenase 
(W orthington Biochemical Corp., Freehold, N. J .) , with 
ethanol as substrate. When these reagents were mixed 
with the appropriate peak eluted from the column, there 
was a rise in optical density at 340 m/x.

Nucleosides and free bases
Those materials which had no affinity for the Dowex-1 

column, nucleosides and pyrimidine and purine bases, were 
examined using thin layer plates and paper chromatog
raphy in several solvent systems. If an unknown peak 
moved in all cases with a known standard, it was con
sidered identical to that standard. The materials so identi
fied are shown in Table 3. Hypoxanthine was one of the 
bases identified.

Nucleotidic material of beer
Beer has a very high optical density at 260 m/a. When 

a simple fractionation procedure was applied, it was found 
that 42% of the U.V.-absorbing substances of beer was 
non-nucleotidic. Of the 58% nucleotidic material, 62% was 
nucleotide, 32% was nucleoside/free base and 6 % was 
nucleotide triphosphate and oligo-nucleotides. These ma
terials were identified by the usual procedures and are 
shown in Table 4.

The nucleotidic material of beer could originate in the

T a b l e  3. N u c le o s id e s  a n d  f r e e  b a s e s  r e l e a s e d  b y  y e a s t  d u r i n g  
f e r m e n t a t i o n  o f  g l u c o s e  s o lu t io n  a t  25  ° C , o r  e x t r a c t e d  f r o m  t h e  
y e a s t .

F r e e  b a s e s :

A d e n in e
C y to s in e

G u a n in e
U r a c i l

N u c l e o s i d e s :

malt or hops as well as yeast. The rather limited range 
of materials found in beer was somewhat surprising. It 
seems possible, however, that much of the nucleotidic 
material derived from malt or hops may be lost in the 
mashing and boiling processes, possibly as co-precipitates 
with protein. Under such conditions the bulk of the nu
cleotidic fraction of beer may be derived from yeast.

DISCUSSION
I n brewery fermentations the character of the fin

ished beer is in large measure determined by the yeast 
used. This is especially noticeable in the low-molecular 
weight volatile components of the product.

Challinor et al. (1954) demonstrated that a fastidious 
strain of lactobacillus was able to grow on a simple medium 
previously fermented by yeast. Nicotinic acid or its amide 
was one of the components released by yeast and utilized 
by the lactobacillus. Kulka (1963) showed that the bio
logical stability of British ales was related to the capacity 
of the yeast to autolyze or leak. These observations 
support the suggestion made here that the nucleotidic 
fraction of beer may originate primarily in the yeast 
since, if a large proportion was derived from malt, the 
effect of yeast strain on biological stability would not be 
appreciable. Those nucleotidic materials released by yeast 
were also found in beer.

Reich et al. (1958) attempted to analyze all the 
nitrogen-containing substances in beer. They concluded in 
part that beer contains nucleotide 5'-monophosphates. This

T a b l e  4 . N u c l e o t i d i c  m a t e r i a l s  id e n t i f i e d  in  c o m m e r c i a l  b e e r .

F r e e  b a s e s  : u r a c i l

a d e n i n e  
g u a n in e  

h y p o x a n t h i n e

N u c l e o s i d e s : a d e n o s in e

u r i d i n e  

g u a n o s in e

H y p o x a n t h i n e N u c l e o t i d e s  : a d e n o s in e  5 '- m o n o p h o s p h a t e  
c y t id in e  5 '- m o n o p h o s p h a t e

A d e n o s in e g u a n o s i n e  S '- r n o n o p h o s p h a te

C y t id in e O t h e r  : N i c o t i n a m i d e - a d e n i n e  d i n u c l e o t i d e  a n d  i t s
U r i d i n e r e d u c e d  f o r m ,  n u c l e o t id e  t r i p h o s p h a t e ,
G u a n o s in e a n d  o l ig o - n u c l e o t id e s .
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conclusion is amply supported by this work. The bulk of 
the nucleotides released by this strain of yeast were 
5'-monophosphates which appeared to originate in an intra
cellular free pool of nucleotides. The composition of the 
intracellular free pool and the released material was quali
tatively similar. Nucleotides are synthesized as S'-mono- 
phosphates. I t was suggested, therefore, that these ma
terials are released prior to their further synthesis into the 
ribonucleic acid. The degradation of RNA by RNase 
would be expected to lead to the production of 2 '- and 
3'-monophosphates and to oligo- and poly-nucleotides as 
demonstrated by Iliguchi et al. (1949) for N. cere- 
visiae. Such products were not found under our conditions.

Inosine 5'-monophosphate and guanosine 5'-monophos- 
phate have been shown to have marked flavor-enhancing 
properties (Kuninaka et al., 1964). Guanosine 5'-mono- 
phosphate was released by yeast in small quantities and 
was identified in beer. The effectiveness of these flavor 
enhancers depends on the nature of the food in which they 
are present. It is, therefore, difficult to say whether the 
amount released by yeast and present in beer is sufficient 
to affect beer flavor.

Spinelli (1965) showed that hypoxanthine has an in
tensely bitter and dry flavor in aqueous solution. The 
predominant quality of beer flavor is bitterness, normally 
thought to be derived from hop resins. It is possible, 
however, that hypoxanthine found to be released by yeast 
during fermentation can contribute to this flavor sensation 
of beer. The following sequence of enzymatic reactions 
has been found in fish meat during storage. As the meat 
lost freshness IM P  was converted to hypoxanthine (Saito,
1960).

A T P  -»  A D P -> A M P -»  IM P  -»  IN O SIN E
—> hypoxanthine

It seems possible that a related series of changes may occur 
in beer during fermentation and especially in storage in the 
presence of yeast (lagering). Such a reaction could be 
associated with the important flavor changes which occur 
during the maturation of beer.

The presence of NAD in the fermented glucose medium 
and beer has been shown. This material clearly leaked 
from the cytoplasmic content (the pool) of the yeast. In

beer this material could contribute to the redox systems 
present and possibly participate in oxidation-reduction 
reactions under certain conditions.

Little attention has been given to the leakage of nucleo- 
tidic material by yeast as one of the variables in manufac
ture of beer or wine. This leakage does vary somewhat 
from yeast to yeast (Lewis et al., 1964). There is good 
reason to believe however, that yeast can make a substan
tial contribution to alcoholic beverages through the leakage 
of nucleotidic material (Lewis, 1964). These leakage 
products may be of consequence in flavor, physical stability 
and biological stability of the beverage.
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SUMMARY—When a strain of brewer's yeast grown under 
suitable conditions was suspended in a solution of fermentable 
sugar, nucleotides and other U.V.-absorbing materials were 
rapidly released from the cells. The extent of release was 
dependent on the pH of the medium, the temperature, the 
concentration of fermentable sugar and on the presence of 
membrane-protecting (Ca++ or Mg++) or membrane-damaging 
(butanol, detergent) reagents. The released material was of 
low molecular weight and appeared to originate in a free 
intracellular pool. It was concluded that the mechanism of 
release of nucleotidic material was the result of a change 
in permeability of the cytoplasmic membrane of yeast con
tingent upon the transport and metabolism of fermentable 
sugar. Leakage of nucleotidic material from yeast was con
sidered to be a normal physiological process of consequence 
in the brewing and wine-making industries.

IN T R O D U C T IO N
F or many years it has been known that during fermen

tation yeast can release material containing nitrogen into 
the medium. Delisle et al. (1961) and Lewis (1964) 
have reviewed the literature.

The released material consisted mainly of amino acids 
and related substances, and U.V.-absorbing compounds. 
The release of amino acids by yeast was studied in some 
detail by Lewis et al. (1964, 1965) and a mechanism 
for the release was proposed by Lewis et al. (1967). 
These workers showed that amino acids were released 
from an intracellular pool during a temporary lag 
in the absorption of amino acids by this yeast, and during 
a time (fermentation) when the cytoplasmic membrane was 
temporarily rendered more permeable. It appeared that 
the same mechanism was responsible for the release of
U.V.-absorbing (nucleotidic) materials. The appearance 
of U.V.-absorbing compounds in the medium is, therefore, 
considered to be the result of simple leakage through the 
cytoplasmic membrane of the yeast and that this is a 
normal physiological phenomenon. Leakage is markedly 
increased by fermentation, and data are presented to show 
that fermentation can increase the permeability of the 
cytoplasmic membrane.

It is suggested that this may be of consequence in the 
production of beer or wine where the leaked material may 
affect the quality of the beverage.

M AT ER IAL S A N D  M E T H O D S
T he yeast used (yeast L) was the same flocculent 

commercial strain of T. carlsbergensis as was used in the 
work presented in Lee et al. (1968). It was grown 
and harvested in the same way.

Tests for the release of nucleotides during fermentation 
were conducted in 60-ml volumes of distilled water in

125-ml Erlenmeyer flasks incubated at room temperature 
(24°C). Glucose concentration was 10% w/v, and the 
concentration of yeast used was 1 0  mg (dry wt) per ml, 
except where otherwise stated.

Samples were taken at intervals and centrifuged twice 
to remove yeast. Optical density of the fermented liquid 
was determined in a Beckman DB Spectrophotometer at 
260 m/t. The usual experimental period was 3 hr. In tra
cellular nucleotidic material was extracted by exposing 
the yeast from a sample of known volume to boiling water 
for 2 0  min.

Calcium and magnesium ions were used as the chloride 
salt (analytical grade reagent). Normal-butanol (E ast
man Chemical Co., Rochester, N. Y.) was well shaken 
with the aqueous solution to achieve solution before addi
tion of the yeast.

RESULTS
Nature of released material

Higuchi et al. (1959) showed that a substantial propor
tion of the U.V.-absorbing materials released by a saki 
yeast (S’, ccrevisiae) were oligo- and poly-nucleotides. 
This observation suggested autolysis, although the work 
was performed at 30°C. Joslyn et al. (1955) showed that 
exposure to higher temperature than this was usually 
necessary for yeast autolysis and subsequent release of 
higher molecular weight materials.

To demonstrate the absence of autolysis under our con
ditions the released material was tested in several ways 
as shown in Table 1. It was found that the released ma
terial was freely dialysable; no material was precipitated 
by 12.5% trichloro acetic acid, indicating the absence of 
proteinaceous matter. No precipitate was formed in 10% 
sodium chloride solution, indicating the absence of high 
molecular weight nucleic acid material. Burton’s (1956) 
test was negative showing the absence of deoxy-sugars 
which could have been derived from DNA during autoly
sis. As expected, the orcinol test (Umbreit et al., 1957) 
for ribose was positive. It was concluded that the materials 
released by yeast during fermentation were not derived

T a b l e  1. C h a r a c t e r i s t i c s  o f  t h e  r e l e a s e d  m a t e r i a l .

Test Result Conclusion
1 0 %  N a C l N o  p r e c i p i t a t e N o  n u c le ic  a c i d
1 2 .5 %  T C A 1 N o  p r e c i p i t a t e N o  p r o t e i n
O r c i n o l  t e s t P o s i t i v e R ib o s e  p r e s e n t
B u r t o n ’s  t e s t N e g a t i v e D e o x y  r i b o s e  a b s e n t
D i a l y s i s W h o l l y  d i a ly s a b le S m a l l  m o l e c u l a r  w e i g h t

1 T C A — t r i c h l o r o a c e t i c  a c id .
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T a b l e  2 . R e l a t i o n s h i p  b e tw e e n  t h e  n u c l e o t id i c  m a t e r i a l  r e l e a s e d  in to  t h e  m e d iu m  a n d  t h a t  
o f  t h e  i n t r a c e l l u l a r  p o o l.

Source of sample
Optical density at 260 mfi

Treatment 0 hr 1 hr 2 hr 3 hr
1 0 %  G lu c o s e 1. m e d iu m 0.4S 1.6 2 .0 2 .3

2 . y e a s t 1 3 .2 0 11 .8 11 .0 10.5

T o t a l  1 +  2 13 .65 13 .4 13 .0 12 .8

W a t e r 1. m e d iu m 0 .2 0 .2 8 0 .3 2 0 .4 0

2. y e a s t 1 3 .4 1 3 .4 13 .3 1 3 .4

T o t a l  1 +  2 1 3 .6 13 .6 8 1 3 .62 1 3 .8

from autolysis. Delisle et al. (1961a) reached a similar 
conclusion.

Origin of the released material
The yeast cell contains a free pool of nucleotidic material 

analogous to the free pool of amino acids (Spiegelman 
et al., 1955) situated close to the cell wall. This free pool 
is a possible source of the released material. If this is so, 
then some relationships should exist between the free pool 
and the released material.

Fig. 1 shows the effect of the size of the intracellular 
nucleotide pool on release of U.V.-absorbing substances. 
It can be clearly seen that with a smaller pool, less ma
terial was released into the suspending medium. Such a 
relationship was also demonstrated for amino acids (Lewis 
et al., 1964).

If the free pool of nucleotides is the source of the 
released material, then the release of some nucleotidic 
material into the medium should result in a decrease in the 
intracellular pool. This proved to be the case as shown 
in Table 2. The total amount of extractable nucleotidic 
material in the system decreased slightly through the 
experimental period when yeast was suspended in a glu
cose solution. If the released material originated from the 
hydrolysis of RNA (Higuchi et al., 1959) then the total 
extractable nucleotides of the system would be expected to

INTFÌACELLULAR 
POOL OF U.V. 
SUBSTANCES.

Fig. 1. E ffect of the size of the free pool of nucleotidic material 
on the release of these materials during fermentation. The size of 
the free pool of yeast L  was reduced by growing the yeast in shake 
culture.

increase. In addition, the action of ribonuclease on RNA 
yields nucleotide 3'-monophosphates, which were not de
tected in the released material (Lee et al., 1968). The 
released nucleotides were S'-monophosphates, which is the 
configuration of nucleotides during their synthesis and 
prior to their condensation into nucleic acids.

The data contained in the preceding paper clearly showed 
that those U.V.-absorbing materials present in the internal 
pool also appeared in the medium during fermentation. 
No compound appeared extracellularly that was not also 
present intracellularly. This observation supports the free 
pool as the origin of the released material. The positive 
identification of nicotinamide-adenine dinucleotide (N A D ) 
and hypoxanthine in the medium is also clear indication 
that RNA is not the source of the released material.

If the release of nucleotidic material is a phenomenon 
of leakage from an intracellular pool, as with amino acids, 
then some parameters already defined for amino acid leak
age should also apply here. Lewis ct al. (1964) showed 
that fermentable sugar was a principal requirement for 
leakage of amino acids to occur. This was found true for 
nucleotide leakage also (Table 2) ; i.e., leakage was a 
glucose-stimulated event. At low levels of sugar, amino 
acid leakage was linear with sugar concentration. As 
shown in Fig. 2 this was found to be true also for nucleo
tide leakage. Leakage of nucleotides was linear up to 
0 .6 % glucose and reached a maximum at about 1 .8 % glu
cose. As with release of amino acids, nucleotide leakage 
was found to be temperature-dependent (Fig. 3). A 
marked depression of leakage was found below 20° C.

CONCENTRATION OF GLUCOSE, % (W/V)
Fig. 2. Leakage of nucleotidic material from yeast L  in response 

to the presence of glucose at various concentrations.
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Fig. 3. Leakage of nucleotidic material from  yeast L  fermenting 
glucose solution at the temperatures shown.

Mechanism of release
Some evidence was presented in the preceding section 

to show that the source of the released nucleotidic material 
was the intracellular free pool of these materials. Evidence 
presented in this section will support that contention by 
showing that the leakage is dependent on the condition 
of the cytoplasmic membrane.

Aldous (1965) has shown that the pH of the suspending 
medium can have some effect at the outer surface of the 
cell. In  particular, adverse pH can damage the cytoplasmic 
membrane. Yeast was suspended in glucose solution con
taining phosphate buffer (0.1 M ) at pH 2.0 through 8.0. 
Leakage of nucleotides was followed in the usual way 
(Table 3). At a “normal” pH  for growth of this yeast 
(pH  4.0 or 5.0) the release was substantially tbe same as 
control. At pH  7.0 or 8.0 leakage was increased in the 
presence or absence of glucose solution. At pH 2.0 or 3.0, 
on the other hand, a substantial increase in leakage was 
found in the presence, but not in the absence, of glucose.

Rose (1963) and Dixon et al. (1964) reported that 
n-butanol damaged the cytoplasmic membrane of yeast. 
I t  seemed plain that if nucleotidic material leaked from a 
free pool, and if leakage was dependent on membrane 
integrity, then a weakened membrane should permit

T a b l e  3 . E f f e c t  o f  p H  o f  t h e  s u s p e n d in g  m e d iu m  o n  t h e  r e l e a s e  
o f  n u c l e o t i d i c  s u b s t a n c e s  b y  y e a s t  f e r m e n t i n g  g lu c o s e  s o lu t io n .1

Treatment In glucose In water
N o r m a l  p H 4 .0 1.4 0 .2

5 .0 1.4 0 .2
L o w  p H 2 .0 2.8 0 .4

3 .0 3 .0 0 .3
H i g h  p H 7.0 2 .4 2 .3

8 .0 2 .6 2 .5
C o n t r o l  ( n o  b u f f e r ) 1.4 0 .2

1 L e a k a g e  i s  r e p o r t e d  a f t e r  1 h r  o f  f e r m e n t a t i o n .

Fig. 4. Release of nucleotidic materials by yeast L  suspended in 
water or sugar (10% w /v )  solution w ith  n-butanol (3.2% w /v )  and/ 
or Ca** (0.02M) added. Release in : Q — glucose +  butanol. ■  —  
glucose +  butanol +  Ca**. A — glucose. •—glucose +  Ca**;  o r  
lactose -\- butanol; o r  water +  butanol.

greater leakage. As shown in Fig. 4 this was found to be 
the case. Yeast suspended in glucose solution containing 
3.2% w /v of n-butanol, leaked to a considerable extent, 
but leakage was rather negligible at this concentration of 
n-butanol in the absence of glucose. If lactose (unfer- 
mentable sugar) was substituted for glucose, n-butanol 
did not increase leakage appreciably. This showed that 
the osmotic pressure of the medium was not responsible 
for the data in Fig. 4. Similar results to those of Fig. 4 
were obtained when a detergent (Triton X-100) or RNase 
(Schlenk et al., 1965) was used as a membrane-damaging 
agent, except that leakage in the absence of glucose was 
somewhat increased.

The association of calcium ions with the surface of yeast 
cells is well documented. Schlenk et al. (1965) for example 
showed that there was some association of Ca'* with the 
cytoplasmic membrane. This association has been used to 
protect the membrane from the action of polyene antibiotics 
(Stachiewicz et al., 1963) or RNase (Schlenk et al., 1965). 
It was found that Ca++ was effective in preventing the 
release of nucleotidic material by yeast suspended in glu
cose solution (Fig. 5). Calcium ions were equally effective 
in halting leakage whether added at the beginning of an 
experiment or after release of the nucleotidic material had 
already started. Mgt+ had much the same effect as Ca++ 
but at higher concentrations. Ca4' was also partially effec-
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Fig. 5. E ffect of Ca** (0.02 on the release of nucleotidic 
material by yeast L  suspended in glucose solution at 25°C. Sym
bols: ■  —no Ca** added. O ,  * ,  X  A  — Ca** added at 0, 30, 40, 60 
min respectively. □ —Leakage by yeast suspended in ivater.

tive in protecting the cell from the action of butanol in the 
presence of glucose (Fig. 4 ), indicating an effect at the 
cytoplasmic membrane.

Leakage of nucleotides is stimulated or induced by the 
presence of glucose. If the membrane is protected by Ca++ 
or Mg++ then glucose-induced leakage is halted. If the 
membrane is damaged by acid pH or w-butanol then 
glucose-induced leakage is increased. It was concluded 
that glucose-stimulated leakage was primarily a membrane 
phenomenon and is a result of an increase in membrane 
permeability (cf. Lewis et al., 1967). This being so, the 
most obvious source of the leaking material was the free 
intracellular pool of nucleotides as shown in the preceding 
section.

DISCUSSION
Spiegelman et al. (1955) demonstrated that yeasts con

tain a free pool of nucleotidic material analogous to the free 
pool of amino acids. These pools were located close to 
the cell wall in the region of the ribosomes. When yeast 
is suspended in aqueous solution, these free pools are re
tained against a concentration gradient, in part possibly 
by the expenditure of energy but mainly through the pres
ence of the cytoplasmic membrane (Mitchell, 1959).

Evidence is presented in this paper to show that the 
glucose-induced release of nucleotidic materials involves 
the free pool and the cytoplasmic membrane. This was 
a reasonable biochemical juxtaposition—the cytoplasmic 
membrane separates the internal pool of nucleotides from 
the medium. Little leakage occurred when the yeast was 
suspended in water, but in the presence of glucose, sub

stantial leakage was observed. If the permeability of the 
cytoplasmic membrane was increased by the presence of 
membrane-damaging agents, then glucose-induced leakage 
was increased.

In the presence of a membrane-protecting agent, glucose- 
induced leakage was reduced to low levels. I t seemed 
plain, therefore, that glucose-induced leakage was a phe
nomenon involving membrane permeability associated with 
the transport or utilization of glucose. This being so, it 
is assumed that the leakage is a normal physiological func
tion of healthy cells under fermentative conditions.

Such leakage may be of consequence in the brewing and 
wine making industries since the released material was not 
reabsorbed during the course of an experiment and should 
persist to the finished product (Lee et al., 1968). Under 
conditions of a commercial fermentation of brewers wort 
or a grape must, the high initial sugar concentration can 
lead to substantial accumulations of alcohols and esters. 
As butanol does, these organic solvents may affect the per
meability of the cytoplasmic membrane in the presence of 
fermentable sugar leading to increased leakage. Phenethyl 
alcohol, for example, a component of beer and wine pro
duced during fermentation, has recently been shown to 
damage the cytoplasmic membrane of E. coli leading to 
loss of cell contents (Silver et al., 1967). During the later 
stages of a commercial fermentation, therefore, sugar- 
induced leakage of yeast cell contents may proceed apace. 
Lewis (1964a) estimated that about 50% of the U.V.- 
absorbing (260 mp) materials of beer may originate in 
the yeast cell, which as shown in the preceding paper 
would account for most of the nucleotidic material of beer.

Yeast is well known to make a major contribution to 
the flavor of beer and wine. The involvement of this nu
cleotidic material in beer and wine flavor is under 
investigation.
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Identification of Some Sugars and Mannitol in Celery

SUMMARY—The carbohydrate content of celery petioles was determined using paper chromatographic techniques. Sucrose, glucose, fructose and mannitol were identified and quantitatively determined. Mannitol crystals were isolated. Sugars chromatographed with solvents containing boric acid showed characteristic stabilities to indicators.
INTRODUCTION

Processing studies in  p rogress in  th is  la b o ra to ry  have 
c rea ted a need fo r  m o re  de ta iled  kno w le dg e  o f the  ca rb o 
hyd ra tes  in  ce lery. O b a to n  (1 9 2 9 ) rev iew e d  the p ro pe rties  
and  occurrence o f m a n n ito l and fo u n d  the p o ly o l in  a ll 
p a rts  o f the  ce le ry  p la n t ; i t  was th o u g h t to  be synthesized 
in  the  leaves, tra n s p o rte d  th ro u g h  the pe tio les and stored 
in  the  roo ts . H e  lis ts  H u b n e r et a l. (1 8 2 3 ) as the  f irs t  
re p o r t o f m a n n ito l in  ce lery. L a te r ,  P ayen  (1 9 3 4 ) de
scribed the  iso la tio n  o f the sugar fro m  ce le ry  ju ic e  b u t gave 
no q u a n tita tiv e  data.

T o ta l and re d u c in g  sugars in  ce lery  pe tio les w e re  de te r
m in ed  by  H a ll  (1957 , 1959) am ong o thers . S iege l et al.
(1 9 6 2 ) d e te rm in ed  glucose, fruc tose  and sucrose in  leaves 
fro m  ce le ry  p lan ts  g ro w n  in  a n u tr ie n t c u ltu re . I n  a recent 
re v ie w , C rosby  et al. (1 9 6 3 ) re p o rte d  th a t o n ly  sucrose, 
g lucose and apiose have ac tu a lly  been id e n tifie d  in  ce lery, 
b u t he proposed th a t o th e r com m on sugars w e re  u n d o u b t
ed ly  presen t. T h e y  m e n tio n  one re p o r t (A n o n .,  1923) o f 
m a n n ito l h a v in g  been fo u n d  in  ce le ry  roo ts  and tw o  rep o rts  
o f re d u c in g  sugars ( H a l l  et a l., 1961, M y e rs  et a l., 1921 ).

I n  v ie w  o f the  om iss ion  o f the  easily  detectable m a n n ito l 
in  recent rep o rts , i t  seemed p ru d e n t to  reexam ine  the 
re la tiv e  am oun ts  o f the  p re d o m in a n t sugars in  the  com 
m e rc ia lly  im p o rta n t ce le ry  petio les.

EXPERIMENTAL METHODS
M ature fresh Pascal celery petio les fro m  th ree  

p lan ts  w e re  tr im m e d  a t b o th  ends, washed, d rie d , and

chopped in to  4s-inch  ch ips. F o u r  h u n d re d  g  o f the  d iced 
ce le ry  was b lended w ith  2 g  ca lc ium  carbona te  and  the 
re s u lt in g  s lu r ry  was heated 1 h r  on a steam  ba th . A f te r  
f i lte r in g  th ro u g h  a coarse paper f i l te r  w i th  suc tio n , the  
res idue was m ix e d  w ith  100 m l w a te r, heated 1 h r  on  a 
steam ba th  and filte re d . T h e  e x tra c tio n  was repeated 
fo u r  m ore  tim es and the ex tra c ts  w ere  com bined.

A  fin a l f i l t ra t io n  o f the  com bined e x tra c ts  was done w ith  
a m ed iu m  p o ro s ity  s in te red  glass f i l te r  w h ic h  had been 
coated w ith  an aqueous suspension o f A n a ly t ic a l G rade  
C e lite  and washed w ith  w a te r. T h e  so lu tio n  was m ade to  
a k n o w n  vo lum e  and de ion ized w ith  D o w e x  5 0 W -X 4  
and D u o lite  A 4  io n  exchange res in  s im ila r  to  the  p rocedure  
o f P a r tr id g e  (1 9 4 8 ) . A liq u o ts  w e re  c h ro m a to g ra p h ic a lly  
analyzed fo r  a ll sugars. P ro te in s , i f  ex tra c te d , d id  n o t 
in te rfe re .

W h a tm a n  N o . 1 ch ro m a to g ra p h ic  paper was used as 
rece ived fo r  the  id e n tific a tio n  o f the  sugars. A l l  chem ica ls  
w ere  reagent g rade  unless o th e rw ise  specified, an d  a ll 
m e ltin g  po in ts  a re  corrected.

T h e  sucrose, glucose and fruc tose  bands w e re  id e n tif ie d  
by  th e ir  co lo rs  and reac tion  tim es w hen sprayed w i th  
/>-anisid ine h y d ro c h lo r id e  (H o u g h  et a l., 1950) and a n ilin e  
hyd rog en  ph tha la te  (P a r tr id g e , 1949 ). Sucrose w as con 
f irm e d  b y  its  reac tion  w ith  in ve rtase  ( W il l ia m s  e t al.,
1951) and  glucose, b y  e lu tio n , o x id a tio n  to  g lu c o n ic  ac id  
and iso la tio n  o f the po tass ium  salt (m .p . 1 8 0 °C ) (M o o re  
et a l ,  1940 ).

M a n n ito l,  s o rb ito l, and in  some cases fru c to se  w i l l  react 
feeb ly  o r  n o t a t a ll w i th  s ilv e r n itra te  a fte r  be ing  developed 
in  so lven ts c o n ta in in g  w a te r sa tu ra ted  w ith  b o r ic  acid. 
D e do nde r (1 9 5 2 ) showed th a t n -b u ta n o l: e th a n o l: w a te r 
( 4 0 :1 1 :1 9 )  w i l l  separate glucose, fruc tose  and  sucrose. 
H o w e v e r, in  th is  so lven t, m annose and fru c to se  had  n e a r ly  
the  same R f . T h e y  w ere  d is tin g u ish e d  by  d e v e lo p in g  in  
n -b u ta n o l: e th a n o l: aqueous sa tu ra ted  b o r ic  ac id  ( 4 0 :1 1 :
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19) and us in g  s ilv e r n itra te  as the  in d ic a to r. F ruc tose  was 
con firm ed  by its  s ta b ility  to  s ilv e r n itra te  w hen developed 
in  th is  so lvent. S im ila r ly ,  the  p o ly o l spots in  n -b u ta n o l: 
acetic a c id rw a te r  ( 4 : 1 : 5 )  w e re  s tab ilize d  to  the s ilv e r 
n :tra te  in d ic a to r by us in g  aqueous b o ric  acid.

S ch le icher and S chue ll 2043b paper was used fo r  the 
q u a n tita tiv e  de te rm in a tio n s  o f the  sugars. T h e  t ra i l in g  
edge o f the paper was se rra ted  and the paper was washed 
o v e rn ig h t in  the  so lven t be fore be ing  used. T h e  ch ro m a to 
g ram s w ere  developed 1 8 -2 0  h r  by descent in  a closed 
ta n k  a t roo m  tem pe ra tu re . T h e  spots w ere  detected by 
d ip p in g  the paper in  an acetone s o lu tio n  o f s ilv e r n itra te , 
d ry in g , d ip p in g  in  e th ano lic  sod ium  h y d ro x id e , d ry in g  and 
d ip p in g  in  sa tu ra ted  60 %  e th ano lic  th io s u lfa te  (M c C re a d y  
et al. , 19 66 ). T h e  con cen tra tions  w e re  de te rm in ed  w ith  a 
P h o to v o lt D e n s ito m e te r and de ion ized s tandards, us in g  
the m ethod  o f M c F a rre n  et al. (1 9 5 1 ).

O f  the sugars tested, o n ly  m a n n ito l and  s o rb ito l d id  no t 
react w ith  s ilv e r n itra te  w h en  a ch ro m a to g ra m  was de
ve loped in  the  so lven t used by  Rees (1 9 5 8 ) (2 -b u ta n o n e : 
acetic a c id : aqueous sa tu ra ted  b o ric  acid, 9 :1  : 1 ) .  T h is  
s ta b ility  pe rs is ted  w h en  am m on iaca l s ilv e r n itra te  ( P a r t 
ridge , 1948) o r  a lka lin e  pe rm anganate  (P acsu  et al.,
1949) w ere  sprayed , b u t the  sugar a lcohols d id  react i f  
the  d r ie d  c h ro m a to g ra m  was heated to  1 0 0 -1 10°C  fo r  
10-15 m in  and im m e d ia te ly  im m ersed  in  the  ace tone -s ilve r 
n itra te  so lu tio n .

T o  iso la te  m a n n ito l, d r ie d  ce le ry  ( c a . 3%  m o is tu re ) 
was b lended w ith  pe tro le u m  e th e r (S k e lly  B )  and filte re d . 
T h e  res idue was re flu x e d  2 h r  w ith  95%  e thano l and 
filte re d  ho t. O n  coo ling , g ra y ish  c rys ta ls  o f m a n n ito l p re 
c ip ita ted . T h e  m a n n ito l was re c ry s ta lliz e d  th ree tim es by 
d isso lv in g  i t  in  a m in im u m  am o un t o f w a te r, f ilte r in g , and 
a d d ing  tw o  vo lum es o f 95%  ethano l.

T h e  id e n tif ic a tio n  o f the  c ry s ta llin e  iso la te  as m a n n ito l 
was based on the fo llo w in g  observa tions. T h e  d rie d  c o lo r
less c rys ta ls  m e lted  a t 166° C. T h e  hexa-acetate p repa red  
by  the m e thod  o f S h r in e r  et al. (1 9 5 6 ) m e lted  a t 11 9 - 
120°C  and  had ( a )  D 23 +  25.2° in  C H C 13. T h e  m e ltin g  
po in ts  and specific ro ta t io n  agree w ith  those sta ted by 
H e ilb ro n  et al. (1 9 5 3 ) . C ry s ta llo g ra p h ic  com parison  by 
D r .  F . T .  Jones o f th is  la b o ra to ry  o f the u n k n o w n  and its  
acetate w ith  a u th e n tic  sam ples c o n firm e d  the  id e n tific a tio n .

RESULTS
T h e  water extract o f ce le ry  was ch ro m atog raph ed  

against k n o w n  s tandards and the fo llo w in g  average con 
cen tra tions  w e re  de te rm in ed  (g /1 0 0  g  fre sh  c e le ry ) : su
crose 0.488, g lucose 0.309, fruc tose  0 .314 and m a n n ito l 
0.114. T h e  resu lts  a re  the  average o f th ree  d e te rm in a tion s . 
M a x im u m  v a r ia t io n  between d e te rm in a tio n s  o f a sam ple 
was 4 .1% . T h e  s e n s it iv ity  o f the  e x p e rim e n ta l p rocedures 
p rec luded de tection  o f sugars such as apiose w h ic h  are 
present in  sm a ll am ounts.

A s  m en tioned  e a rlie r, the  sugars w e re  ex tra c te d  fro m  
the petio les w ith  w a te r. A lth o u g h  th is  so lven t in su re d  the 
s o lu b iliz a tio n  o f m a n n ito l, i t  m ay have p e rm itte d  invertase  
a c tiv ity . T h e re fo re , the  sucrose va lue  m ig h t be lo w  even 
tho ugh  i t  is h ig h e r th a n  some o f the  li te ra tu re  rep o rts . 
T h e  h ig h  s o lu b ility  o f m a n n ito l in  h o t a lcoho l w o u ld  have 
com p lica ted  the use o f b o ilin g  a lcoho l fo r  enzym e in a c tiv a 
t io n  be fore  the q u a n tita tiv e  d e te rm in a tio n .

O ba to n  (1 9 2 9 ) de te rm in ed  m a n n ito l, red u c in g  sugars 
and sucrose a t 10 m a tu r ity  levels in  the  v a r ie ty  “ C e le ri 
rave  de P a ris  a m é lio ré .”  H e  fo u n d  the  fo llo w in g  concen
tra t io n  ranges (g /1 0 0  g fresh  w e ig h t)  : m a n n ito l 0 .75 -2 .93 , 
re d u c in g  sugars 0 .2 1 -1 .10 , and sucrose 0 .1 -0 .4 .

T h e  resu lts  o f M y e rs  e t al. (1 9 2 1 ) fo r  re d u c in g  and 
n o n -re d u c in g  sugars are w ith in  the  above ranges.

S ince d iffe re n t va rie tie s  w o u ld  n o t necessarily  con ta in  
s im ila r  sugar concen tra tions , the resu lts  m en tioned  p re v i
ou s ly  m ig h t n o t be com parab le  to  the  m ore  recent w o rk .

T h e  resu lts  o f H a l l  et al. (1 9 6 1 ) are ty p ic a l o f some o f 
the m ore  recent sugar de te rm in a tion s . H e  exam ined  F lo r 
ida  S um m e r Pascal ce le ry  petio les a t d iffe re n t m a tu r ity  
leve ls and  fo u n d  the fo llo w in g  c o n ce n tra tio n  ranges 
(g /1 0 0  g  fresh  w e ig h t)  : in n e r petio les, re d u c in g  sugars 
0 .8 -1 .3  and to ta l sugars 0 .9 -1 .6 ;  o u te r petio les, red uc ing  
sugars 0 .8 -1 .2  and to ta l sugars 0 .9 -1 .5 . T h e  ch ro m a to - 
g ra p h ic a lly  de te rm ined  sugar con cen tra tion s  are w ith in  th is  
range. T h e  tests used fo r  red u c in g  sugars w o u ld  n o t be 
expected to  detect the  po lyo ls .

H a l l  (1 9 5 9 ) suggested th a t the  sugar con te n t appears 
to  be an im p o rta n t p a r t o f the to ta l f la v o r o f ce le ry  petio les. 
S ince C a rr  et al. (1 9 3 6 ) and S chü tz  et al. (1 9 5 7 ) fo u n d  
d -m a n n ito l to  be abou t 6 0 -7 0 %  as sweet as sucrose, o r 
abou t as sweet as g lucose, and the  p o ly o l is  p resen t in  
la rge  am ounts, i t  appears th a t m a n n ito l is an im p o rta n t 
c o n s titu e n t o f ce le ry  petio les.
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Serological Identification of Animal Proteins. 1. Mode of Injection and
Protein Extracts for Antibody Production

SUMMARY—Specific antibodies were developed against skeletal muscle from horse, pork, lamb and beef. The antigenic protein material evaluated for antibody production included actomyosin, serum-alum precipitate, muscle extract-alum precipitate, saline extract of muscle and freeze-dried water extract of muscle. The method of injection into the rabbits included intraperitoneal, intravenous, subcutaneous, and intramuscular with and without Freund complete adjuvant.
Of the antigenic protein material and route of injection evaluated, the intramuscular injection of 150 mg of freeze- dried water extract of muscle with Freund complete adjuvant resulted in the highest titers which were observed as the titer increased and with time after injection as indicated by ring and gel diffusion tests. However, these cross-reactions could be removed by absorption with small amounts of the freeze- dried protein extracts of the cross-reacting species. A specific antiserum for each animal specie could be obtained which would react with 0.4-0.5 mg/ml of protein in a saline extract of skeletal muscle.Overall, multiple intramuscular injections of freeze-dried water extracts of skeletal muscle emulsified in Freund complete adjuvant resulted in the highest titers which would react specifically with each animal species.

INTRODUCTION
Identification of skeletal muscle as to species of 

animal when present in a ground meat mixture is time 
consuming and usually inconclusive w h en  identified by 
chemical techniques. T h e  adulteration of ground meat or 
processed meat items by adding horsemeat or other meat 
w h ich  has not been properly declared on the ingredients 
list is not common but has been known to occur. A  simple, 
rapid test would make it possible to determine the addi
tion of undeclared meat in a product and give the con
sumers greater protection.

T h e  in je c tio n  o f a fo re ig n  p ro te in  (a n tig e n )  in to  an 
an im a l’s tissue f lu id  w i l l  produce b lood so lub le  substances 
kn o w n  as an tibod ies. These c irc u la t in g  an tibod ies in  the 
g lo b u lin  fra c tio n  o f b lood  serum  w i l l  react spec ifica lly  w ith  
the specific fo re ig n  p ro te in  e ith e r in  v iv o  o r  in  v itro . 
O sw a ld  (1 9 5 3 ) dem onstra ted  th a t an tibod ies  cou ld  be 
fo rm e d  aga inst the  desired species b y  in je c t io n  o f an a lum - 
serum  p re c ip ita te  o f th a t species. H o w e v e r, resu lts  ob
ta ined  in  th is  la b o ra to ry  u s in g  th is  p rocedure  w ere  n o t 
e n tire ly  sa tis fa c to ry  as to  leve l o f de tection  o r spec ific ity .

T h e  purpose o f th is  s tu d y  was to  in ves tig a te  va riou s  
an tigen  p re p a ra tio n  and rou te s  o f in je c t io n  to  de te rm ine  
the o p tim u m  m ethod  fo r  p ro d u c in g  an tibod ies o f the de
s ired  t i te r  and spec ific ity .

EXPERIMENTAL PROCEDURES
Preparation of antigenic material

A c to m y o s in . G ro u n d , frozen , lean, ske le ta l m uscle fro m  
horse, beef, lam b o r p o rk  was tha w ed  a t 4 °C  o ve rn ig h t.

T h e  lean tissue was b lended a t lo w  speed in  an O s te riz e r 
w ith  .6 M  KC1 a t a ra t io  o f 1 p a rt tissue to  3 p a rts  KC1 
fo r  3 m in . T h e  re s u lt in g  s lu r ry  was ce n trifu g e d  at 5°C  
fo r  15 m in  at 10,000 X G. T h e  sup e rn a tan t was rem oved 
and d ilu te d  10 fo ld  w ith  d is ti lle d  w a te r and a llow ed  to set 
fo r  15 h r  at 4 °C . T h e  ac tom yos in  w h ic h  p re c ip ita te d  was 
rem oved by  c e n trifu g a tio n  at 1,400 X G  a t 5 °C  fo r  15 m in . 
T h e  id en tica l p re c ip ita tio n  and c e n tr ifu g a tio n  procedures 
w ere  repeated three m ore  tim es. A f te r  the las t w ash ing , 
the p re c ip ita te  o f ac tom yosin  was suspended in  a sm all 
q u a n tity  o f d is tille d  w a te r and ly o p h iliz e d . T h e  d rie d  acto
m yos in  was stored in  an a ir t ig h t  con ta in e r at — 20 °C  u n t il 
used.

S c r u m . B lo od  was collected f ro m  the p a r tic u la r  species 
and a llow ed  to  c lo t. T h e  c lo tte d  b lood  was he ld  o v e rn ig h t 
at 4 °C  and the serum  rem oved by  c e n tr ifu g a tio n  at 1,400 
X G fo r  30 m in  at 5°C . T h e  serum  was s tored a t —20°C  
in  sealed test tubes u n t i l  used.

S c r u m  alum  p rec ip ita te . S e rum  was co llected as de
scribed p re v io u s ly . T w e n ty - f iv e  m l o f the  serum  was 
d ilu te d  w ith  80 m l o f d is tille d  w a te r and 90 m l o f 10% 
po tass ium  a lum  was added. T h e  p H  was a d ju s te d  to  the 
isoe lec tric  p o in t o f the p a r tic u la r  species o f serum  used 
(beef 5 .6 ) w ith  5 N  N a O H  (a p p ro x . 3 m l)  and a llow ed  
to  stand fo r  3 m in . T h e  p re c ip ita te  was separated by  cen
tr ifu g a t io n  a t 5,000 X G  fo r  15 m in  a t 5°C . T h e  p re c ip 
ita te  was then washed tw ice  w ith  200 m l p o r tio n  o f
1 4 0 ,0 0 0  m e rth io la te  p h ys io log ica l saline so lu tio n  by  re 
peated c e n trifu g a tio n . T h e  p re c ip ita te  was m ade up  to  a 
to ta l vo lum e  o f 100 m l w ith  1 4 0 ,0 0 0  m e rth io la te  ph ys io 
lo g ica l sa line and fro ze n  a t —20 °C  in  sm all a liqu o ts  u n t il 
used. T h is  p rocedure  is s im ila r  to  the  one described by 
O sw a ld  (1 9 5 3 ).

M u s c le  e x tra ct  a lu m  p re c ip ita te . G ro u n d , frozen , lean, 
ske le ta l m uscle was thaw ed  a t 4 °C  o v e rn ig h t. T h e  lean 
tissue was ex tra c te d  w ith  d is tille d  w a te r (1  p a r t  tissue to
2 p a rts  w a te r)  by  b le n d in g  at lo w  speed in  an O s te rize r 
fo r  15 m in . T h e  s lu r ry  was ce n trifu g e d  a t 10,000 X G 
fo r  15 m in  at 5 °C  and  the sup e rn a tan t f ilte re d  th ro u g h  
N o . 4 W h a tm a n  f i lte r  paper. N in e ty  m l o f 10% po tass ium  
a lum  was added to  25 m l o f the  superna tan t. T h e  p H  was 
a d ju s te d  to  the iso e le c tric  p o in t w i th  5 N  N a O H  and 
a llow ed  to  set fo r  30 m in . T h e  p re c ip ita te  was separated 
and washed as p re v io u s ly  described above fo r  serum  a lum . 
T h e  fin a l p re c ip ita te  was b ro u g h t to  a to ta l vo lu m e  o f 
100 m l w ith  1 4 0 ,0 0 0  m e rth io la te  saline. T h e  suspension 
was frozen  in  sm all a liquo ts  a t —20 °C  u n t i l  used.

S a l in e  ex tra ct. G ro u n d , frozen , lean, ske le ta l m uscle 
was thaw ed o v e rn ig h t at 4 °C . T h e  tissue was b lended at 
lo w  speed in  an O s te riz e r w ith  ph ys io lo g ica l sa line (1 to
4 )  fo r  15 m in . T h e  s lu r ry  was c e n trifu g e d  a t 10,000 X G  
fo r  15 m in  a t 5 °C  and the  sup e rn a tan t f ilte re d  th ro u g h
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N o . 4 W h a tm a n  f i l te r  paper. O ne m l o f 1% m e rth io la te  
was added pe r 100 m l o f e x tra c t. These ex tra c ts  w ere  
s to red  no m ore  tha n  3 days p r io r  to  in je c tio n .

F r e e s e - d r ie d  w a te r  ex tra cts . G roun d , frozen , ske le ta l 
m uscle was thaw ed a t 4 °C  o v e rn ig h t. T h e  tissue was e x 
tra c te d  w ith  d is tille d  w a te r (1 to  3 ) by b le n d in g  a t lo w  
speed in  an O s te riz e r fo r  30 m in . T h e  s lu r ry  was cen
tr ifu g e d  a t 10,000 X G  fo r  15 m in  a t 5 °C  and the super
na tan t f ilte re d  th ro u g h  N o . 4 W h a tm a n  paper. T h e  e x 
tra c t was ly o p h iliz e d  and the d r ie d  e x tra c t placed in  an 
a ir t ig h t  con ta in e r and stored at —20 °C  u n t i l  used.

Serological methods

A n t is e r u m  p re p a ra tio n . B lo o d  was rem oved fro m  the 
rab b its  by  b leed ing  fro m  e ith e r the m a rg in a l ve in  o f the 
ear o r b y  card iac punc tu re . T h e  b lood  was a llow ed  to 
c lo t a t roo m  tem pe ra tu re  and placed in  a 4 °C  coo le r fo r  
18 h r. T h e  an tise ru m  was decanted and c e n trifu g e d  at
1.000 X G  fo r  30 m in  to  rem ove any re m a in in g  b lood  cells 
present. T h e  an tise ru m  was tra n s fe rre d  to  test tubes and 
m e rth io la te  added a t a f in a l con cen tra tion  o f 1 :10,000 and 
s tored a t 4 °C .

A bso rbe d  an tise ru m  was p repa red  by  ad d in g  a sm all 
am o un t (a p p ro x . 8 m g /m l)  o f freeze -d ried  a n tige n ic  p ro 
te in  o f the  species w h ic h  w ere  cross reac ting . T h e  a n t i
serum  was shaken by  an E be rback  S haker a t roo m  te m 
p e ra tu re  fo r  4 h r  and placed in  a 4 °C  coo le r fo r  14 h r. 
T h e  an tise ru m  was c e n trifu g e d  a t 2,000 X G  to  rem ove 
the p re c ip ita te  c o n ta in in g  the cross re a c tin g  a n tib o d y - 
an tige n  com p lex.

P r e p a r a t io n  o f test a n tig en s. A  50 g sam ple o f skeleta l 
m uscle f ro m  e ith e r horse, beef, p o rk  o r lam b  was blended 
w ith  150 m l o f p h ys io log ica l saline a t a lo w  speed in  an 
O s te riz e r fo r  30 m in . T h e  s lu r ry  was ce n trifu g e d  at
10.000 X G  fo r  15 m in . T h e  superna tan t was filte re d  
th ro u g h  N o . 4  W h a tm a n  f i l te r  paper and was sto red  fo r  
no  lo n g e r tha n  4  days.

F ig .  1. E x a m p l e  of  r in g  te s t  of  bee f  a n t i s e r u m  w i t h  b ee f  e x 
t r a c t :  1. R a b b i t  N o .  43  =  +  +  +  +  ; 2. R a b b i t  N o .  51 =  0 ;  3. R a b 
bi t  N o .  34  =  +  +  +  ; 4. R a b b i t  N o .  48 =  -f.

R in g  test. A  4 X 50 m m  p re c ip ita t io n  tube was f ille d  
a p p ro x im a te ly  h a lf fu l l  w ith  the an tise ru m  us in g  a sy rin g e  
and needle. T h e  an tigen  was c a re fu lly  layered  o ve r the 
an tise ru m  us ing  a sy rin ge  and needle in  such a w a y  th a t 
tw o  d is tin c t layers  were fo rm ed . Tubes w ere  exam ined  in  
15 to  30 m in  us in g  an a r t if ic ia l l ig h t  aga inst a b lack  back
g ro u n d . I f  the an tigen  and an tise ru m  reacted, a p re c ip 
ita te  was fo rm ed  as a w h ite  r in g  a t the  in te rfa ce  o f the 
tw o  so lu tions  as show n in  F ig . 1. T h e  de ns ity  o f the 
p re c ip ita tio n  r in g  was recorded in  the  fo llo w in g  w a y : 
+  s lig h t, +  +  m odera te , +  +  +  s trong , +  +  +  +  ve ry  
s tro n g  and 0 no reaction .

G e l p re c ip ita tio n . T h e  double d iffu s io n  m ethod  (O u c h - 
te r lo n y , 1949) was used. O x o id  Tonagar N o . 2 (0 .8 5 % ) 
was d isso lved in  bo ra te  bu ffe red  saline a t a p H  o f 8.4 and 
m e rth io la te  added to  a f in a l con cen tra tion  o f 1:10,000. T h e  
agar was au toc laved fo r  10 m in  a t 15 ps i and p o u re d  to  a 
depth  o f 9 m m  in  15 X 50 m m  p e tr i dishes. Seven w e lls  
w ere  cu t 2 cm  ap a rt in  the agar as in d ica ted  in  F ig . 2. 
T h e  b o tto m  o f the w e ll was sealed w ith  a d ro p  o f h o t agar. 
F ro m  0.1 to 0.3 m l o f the reactants w e re  placed in  the 
w e lls  and the plates w ere  stored in  a m o is t des icca to r fo r  
3 days a t roo m  tem pe ra tu re . T h e  p re c ip ita t io n  bands w ere  
observed and recorded.

W h e a l test. T h e  h a ir  was rem oved fro m  a sm a ll area 
on the  side o f the ra b b it. A  sm all a m o un t (0 .1  to  0 .2  m l)  
o f the  test an tigen  was in je c te d  subcutaneously in to  a 
ra b b it w h ic h  had been p re v io u s ly  in je c te d  fo r  a n tib o d y  
p ro d u c tio n . A  po s itive  test was observed w h en  the test 
area sw e lled  and developed edema o f v a ry in g  in te n s itie s  
w ith in  %  to  6  h r  a fte r w h ic h  the rea c tion  faded.

4
C B E E F  A N T I S E R U M

1 B E E F  S E R U M
2 P O R K  E X T R A C T
3 B E E F  E X T R A C T
4 H O R S E  E X T R A C T
5 L A M B  E X T R A C T
6 SALINE

F ig .  2. P r e c i p i t a t i o n  b a n d s  o f  m i a b s o r b e d  b ee f  a n t i s e r u m  on  g e l  
d if fu s io n  p la tes .
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RESULTS AND DISCUSSION
Several important factors are in v o lv e d  in  deve lop

in g  specific an tibod ies aga inst ske le ta l m uscle w h ic h  are 
d iffe re n t fro m  b a c te ria l o r  serum  an tigens. T h e  q u a n tity  
o f a n tige n ic  p ro te in  m a te ria l, the  ro u te  o f in je c t io n  and 
type o f an tig e n ic  p ro te in  m a te ria l are a ll im p o rta n t.

T h e  rab b its  w e re  in je c te d  in tra p e r ito n e a lly  w ith  2 m l o f 
a saline tissue e x tra c t on a lte rn a te  days fo r  e ig h t in je c 
tion s  and w ere  rested fo r  one w eek and seven a d d itio n a l 
in je c tio n s  w ere  g ive n  on a lte rna te  days. T h e  p ro te in  con 
te n t o f the  e x tra c t was 10 to  15 m g /m l as de te rm in ed  by 
the  K je ld a h l p rocedure  ( A O A C ,  19 65 ). T h e  rab b its  w ere  
b led a fte r 10 days fro m  the m a rg in a l ve in  o f the  ear. A  
s lig h t p o s itive  rea c tio n  was ob ta ined  w ith  the  r in g  tes t fo r  
rab b its  in je c te d  aga inst the  hom ologous an tigen . H o w 
ever, w hen ge l d iffu s io n  tests w e re  ru n  on the  same a n t i
serum  the  resu lts  w e re  nega tive  aga inst the  hom ologous 
and he te ro logous antigens.

S im ila r  resu lts  w e re  ob ta ined  w hen the ra b b its  w ere  
b led a f te r  30 days. A f te r  60 days nega tive  r in g  and d if fu 
s ion tests w e re  observed. H o w e v e r, w h en  the ra b b its  w ere  
in je c te d  in tra v e n o u s ly  w ith  5 m l o f sa line tissue e x tra c t 
a fte r  120 days, the  ra b b its  w e n t in to  anapha lax is  shock 
and d ied w ith in  4  h r. T h is  w o u ld  in d ica te  th a t an tibod ies 
w ere  p resen t b u t the  t i te r  was n o t h ig h  enough to  be de
tected by  r in g  o r ge l d iffu s io n  tests.

A c to m y o s in  was iso la ted  f ro m  m uscle tissue us in g  the 
p rocedure  o f S z e n t-G y o rg y i (1 9 5 1 ) and eva luated as one 
o f the a n tige n ic  m a te ria ls . In i t ia l ly ,  10 m g  o f ac tom yosin  
o f a p a r tic u la r  species was suspended in  1 m l o f F re u n d  
com plete a d ju v a n t and 0.5 m l in je c te d  in tra m u s c u la r ly  
in to  each h in d  leg o f the  ra b b it. A f te r  one m o n th  r in g  
tests aga inst saline tissue ex tra c ts  o f each species w ere  
nega tive  as w e re  0.6 M  KC1 ex trac ts .

T h e  same ra b b its  w e re  g iv e n  a second in je c tio n  o f 
20  m g  o f ac tom yos in  re h y d ra te d  in  1 m l o f 0.6 M  KC1 and 
em u ls ifie d  in  1 m l o f F re u n d  com ple te  a d ju v a n t and 1 m l 
in je c te d  in tra m u s c u la r ly  in to  each h in d  leg  45 days a fte r 
the  f ir s t  in je c tio n . N e g a tive  resu lts  w ere  ob ta ined  fo r  r in g  
tests and ge l d iffu s io n  tests a fte r  20  days fro m  the last 
in je c tio n  aga inst tissue e x tra c ts  o f each species. I n  a d d i
t io n , ano the r g ro u p  o f ra b b its  was in je c te d  subcutaneously 
a t 10 loca tions a long  the  sp ina l c o rd  w ith  0.2 m l o f the 
same p re p a ra tio n  o f an tig e n ic  m a te ria l. These also gave 
nega tive  resu lts  fo r  r in g  and ge l d iffu s io n  tests a fte r  30 
and 60 days.

T h e  same g ro u p  o f ra b b its  was g ive n  one fin a l in je c tio n  
o f 150 m g o f ac tom yosin  re h yd ra te d  in  2 m l o f 0 .6 M  KC1 
and em u ls ifie d  in  2 m l o f F re u n d  com ple te a d ju v a n t. T w o  
m l w ere  in je c te d  in tra m u s c u la r ly  in to  each h in d  leg. A  
s lig h t ly  p o s itive  r in g  test was observed w h en  b led a fte r 
20 days in  f iv e  o u t o f the  s ix  ra b b its  tested. H o w e v e r, 
a ll rab b its  gave nega tive  r in g  tests a fte r  60 days. W h e a l 
tests us ing  the  same a n tig e n ic  m a te ria l as p re v io u s ly  in 
jec ted showed a p o s it iv e  rea c tion  v a ry in g  fro m  a m o d e r
ate to  s tro n g  a m o un t o f edema in  the  area in je c te d  a fte r 
4 to  6 h r . F ro m  these resu lts , i t  was concluded th a t the 
am ount o f a n tige n ic  m a te ria l in je c te d  m us t be con s id e r
ab ly  h ig h e r th a n  th a t re q u ire d  fo r  ba c te ria l o r  serum  a n t i
gens, a t least, in  the  case o f ac tom yosin .

A n o th e r g ro u p  o f f iv e  rab b its  was in je c te d  in tra p e r i

to n e a lly  w ith  beef ac tom yos in  (1 5 0  m g ) suspended in  15— 
20 m l o f p h ys io log ica l saline. In je c t io n s  w e re  on a lte r 
nate days o f fo u r  in je c tio n s , res ted fo r  10 days and tw o  
m ore  made one day apart. A f te r  20 days, the  rab b its  were 
b led b y  card iac p u n c tu re  and then  a t w e e k ly  in te rv a ls  fo r  
9  weeks. A  s lig h t ly  p o s itive  r in g  test was observed fo r  
beef e x tra c t and beef serum  fo r  s ix  weeks a fte r the in it ia l 
b leed ing. In  m any cases, a s lig h t ly  p o s itive  reac tion  was 
ob ta ined  fo r  horse, p o rk  and lam b  ex trac ts , in d ic a tin g  
cross reactions w ere  o cc u rr in g . H o w e v e r, w h en  the  same 
an tise rum s w ere  tested in  ge l d iffu s io n  plates a po s itive  
p re c ip ita t io n  band was observed o n ly  w ith  beef serum  in  
fo u r  o u t o f five  rabb its . A f te r  s ix  weeks, no reac tion  was 
observed fo r  any an tigen  tested by  e ith e r the  r in g  o r gel 
d iffu s io n  test. A c to m y o s in  d id  n o t p roduce an tise ru m  o f 
su ffic ie n t sp e c ific ity  o r t i te r  to  be used in  de tec ting  species 
d ifferences.

In je c t io n  o f d ilu te d  beef serum  ( 1 :4 )  fo r  9 consecutive 
days resu lted  in  po s itive  tests fo r  beef serum  b u t nega tive  
fo r  a ll tissue e x tra c ts  by  r in g  o r ge l d iffu s io n  tests. S im i
la r  resu lts  w e re  ob ta ined  w ith  a s ing le  in je c t io n  o f 3 m l 
o f beef serum  per leg, w i th  the  excep tion , th a t a s tro n g  
p o s itive  r in g  test was observed a fte r  5 days w ith  beef t is 
sue ex trac ts . H o w e v e r, 13 days la te r  nega tive  r in g  and 
gel d iffu s io n  tests w e re  observed fo r  a ll tissue ex trac ts .

S ince a s tro n g  in it ia l response was observed w ith  in je c 
t io n  o f beef serum , an o the r g ro u p  o f ra b b its  was g iv e n  a 
series o f in je c tio n s  w ith  a res t p e rio d  to  take advantage 
o f the in it ia l and secondary a n tib o d y  response. T h e  ra b 
b its  w ere  g ive n  in tra m u s c u la r in je c tio n s  o f 5 m l o f u n 
d ilu te d  beef serum  pe r leg fo r  fo u r  in je c tio n s  on a lte rna te  
days, rested fo r  10 days and g iv e n  tw o  m ore  in je c tio n s . 
F o u rte e n  days la te r the  a n tise ru m  showed a s trong , po s i
t iv e  rea c tio n  w ith  the  r in g  and ge l d iffu s io n  tests fo r  beef 
serum . S im ila r  s tro n g  reactions w e re  observed ove r a 
90 day p e rio d  w hen a n tise ru m  w as co llec ted  on a w e ek ly  
basis. R in g  tests w ith  tissue e x tra c ts  w e re  o n ly  s lig h tly  
to  m o d e ra te ly  p o s itive  fo r  beef and a s lig h t ly  po s itive  re 
ac tio n  fo r  horse and lam b tissue e x tra c ts  d u r in g  some o f 
the  w e e k ly  test b leedings. G el d iffu s io n  pla tes had a p re 
c ip ita t io n  band fo r  beef, horse and lam b ex trac ts . H o w 
ever, w hen cross rea c tin g  an tibod ies w ere  absorbed ou t 
by  the a d d itio n  o f cross re a c tin g  an tigens, no p re c ip ita tio n  
bands w ere  observed w ith  beef e x tra c ts  th o u g h  the  beef 
serum  s t i l l  gave a p re c ip ita t io n  band. I t  was concluded 
th a t the in je c tio n  o f serum  w o u ld  re s u lt in  the  fo rm a tio n  
o f an tibod ies w h ic h  lasted ove r an extended p e rio d  o f tim e. 
H o w e v e r, the  rea c tion  w ith  tissue e x tra c ts  was n o t s trong  
enough o r specific  enough fo r  d e tec ting  species d iffe rence  
o f ske le ta l m uscle.

T h e  p rocedure  o f O sw a ld  (1 9 5 3 ) was fo llo w e d  in  the 
p re p a ra tio n  and in je c t io n  o f beef se rum  a lum . T h e  a n t i
gen ic m a te ria l was p re pa red  and 5 m l was in je c te d  in tra 
m u s c u la rly  pe r leg. F if te e n  days a fte r the  in je c tio n , a 
s tro n g  po s itive  r in g  test fo r  beef serum  was observed. 
H o w e v e r, o n ly  a s lig h t ly  p o s it iv e  tes t was observed w ith  
beef m uscle ex tra c ts  and horse m uscle ex trac ts . S im ila r  
resu lts  w ere  observed w ith  beef m uscle ex tra c ts  and horse 
m uscle ex trac ts . S im ila r  resu lts  w ere  observed on the ge l 
d iffu s io n  pla tes as in d ica te d  by  the  p re c ip ita t io n  bands. 
H o w e v e r, due to  cross reactions and in a b il i ty  to  ob ta in
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h ig h  t ite rs  o ve r a p e rio d  o f tim e , th is  p rocedure  was 
te rm in a te d .

T issu e  e x tra c ts  w ere  p repa red  and p re c ip ita te d  us ing  
a lu m  in  a m ethod  s im ila r  to  th a t described by  O sw a ld
(1 9 5 3 ) fo r  serum . O ne o r tw o  in je c tio n s  o f beef e x tra c t 
a lum  per leg gave v e ry  l i t t le  de tectable a n tib o d y  response 
as de te rm ined  by  r in g  and ge l d iffu s io n  tests. T h e re fo re , 
m u ltip le  in je c tio n s  in  tw o  series w e re  used in  o rd e r to 
develop h ig h e r t ite rs . R a bb its  w ere  in je c te d  in tra m u s 
c u la r ly  w ith  5 m l o f a lum  p re c ip ita te d  tissue e x tra c t per 
leg  on a lte rn a te d  days fo r  fo u r  in je c tio n s , rested 10 days 
and g ive n  tw o  subsequent in je c tio n s  in  a s im ila r  m anner. 
F if te e n  days a fte r the  las t in je c tio n , r in g  tests fo r  beef 
e x tra c t w ere  o n ly  s lig h t to  m o d e ra te ly  p o s it iv e ; how ever, 
the ge l d iffu s io n  tests w e re  po s itive  fo r  beef ex trac ts , beef 
se rum  and cross reacted w ith  lam b and horse ex trac ts . 
A n tib o d ie s  w ere  detected fo r  at least 90 days us in g  r in g  
and ge l d iffu s io n  tests. H o w e v e r, w hen the cross reac ting  
an tibod ies w e re  absorbed us in g  freeze -d ried  tissue ex trac ts  
o f the  cross rea c tin g  species, i t  was no lo n g e r possib le to  
detect an tibod ies fo r  the  specific species.

S ince the  p re v io us  w o rk  had show n the  necessity o f in 
je c tin g  re la t iv e ly  la rge  am ounts o f p ro te in  m a te ria l, skele
ta l m uscle was e x tra c te d  w ith  d is ti lle d  w a te r and  freeze- 
d r ie d  as described in  the  p rocedure . In i t ia l ly  150 m g  o f 
the  free ze -d rie d  e x tra c t was d isso lved in  2 m l o f ph ys io 
lo g ica l sa line and  in je c te d  in tra p e r ito n e a lly  on a lte rna te  
days fo r  4 days in to  the rabb its , rested fo r  10 days and 
then  tw o  a d d itio n a l in je c tio n s  w ere  g iven  one day apart. 
A f te r  14 days a m od e ra te ly  po s itive  r in g  tes t fo r  beef 
serum  and s lig h t ly  p o s itive  test fo r  beef e x tra c t was ob 
ta ined . A f te r  28 days, a s tro n g  reac tion  was observed fo r  
beef serum  and beef e x tra c t and a s lig h t rea c tio n  fo r  horse 
and lam b  ex trac ts . S im ila r  resu lts  w e re  observed at in te r 
va ls  ove r a 90 -day pe riod .

G el d iffu s io n  pla tes showed o n ly  a s lig h t p re c ip ita tio n  
band a fte r  14 days fo r  beef serum . A f te r  28 days, a s trong  
p re c ip ita t io n  band  was observed w ith  beef serum  and  beef 
e x tra c t and a s lig h t p re c ip ita t io n  band w ith  horse and 
lam b ex trac ts . H o w e v e r, these cross reactions cou ld  be 
rem oved  by  a b so rp tion  w ith  a sm a ll am o un t o f freeze -d ried  
antigens. S pec ific  reactions w e re  observed o n ly  w ith  beef 
serum  and beef tissue ex tra c ts  on gel d iffu s io n  plates. 
These reactions w e re  also observed w hen the an tise ru m  
was d ilu te d  1 :5 w ith  saline, b u t the p re c ip ita t io n  bands 
w e re  n o t as heavy. I n  a d d itio n , the  am o un t o f cross reac
t io n  increased a fte r 60 days b u t cou ld  be rem oved by  
ab so rp tio n  w ith  freeze -d ried  antigens. W ith  th is  m ethod 
a specific a n tig e n -a n tib o d y  rea c tion  cou ld  be p roduced  and 
cou ld  be repeated f ro m  w eek to  week.

A t  the  same tim e , a second g ro u p  o f ra b b its  w ere  in 
je c te d  in tra m u s c u la r ly  us in g  150 m g  o f freeze -d ried  beef 
e x tra c t d isso lved in  2 m l o f ph ys io lo g ica l saline and e m u ls i
fied  in  5 m l o f F re u n d  com ple te  a d ju v a n t. T h re e  and one- 
h a lf m l w e re  in je c te d  in to  each h in d  leg us ing  the  same 
in te rv a ls  as the  in te rp e r ito n e a l in je c tio n s  fo r  rabb its . T h e  
resu lts  w e re  s im ila r  to  those ob ta ined  w i th  the  in tra p e r i-  
tonea l in je c tio n s  except th a t the reactions w e re  s tro n g e r 
fo r  bo th  the  r in g  and ge l d iffu s io n  tests. T h is  m e thod  gave 
the  s tronges t reactions and con tinu ed  fo r  u p  to  120 days.

T h is  m e tho d  was then  selected fo r  a d d itio n a l tests us ing

20 ra b b its  w ith  freeze -d ried  tissue e x tra c ts  f ro m  horse, 
lam b, beef and p o rk . T w o  in tra m u s c u la r in je c tio n s  o f 
150 m g  o f the freeze -d ried  tissue e x tra c t d isso lved  in  2 m l 
o f p h ys io log ica l sa line and em u ls ifie d  in  5 m l o f F re u n d  
com ple te  a d ju v a n t w ere  g ive n  one day apa rt. T h e  ra b b its  
w ere  rested fo r  22 days and tw o  m ore  in je c tio n s  w e re  
g ive n  in  the  same w a y  as the  in it ia l in je c tio n . A f te r  21 
a d d itio n a l days, the r in g  tes t ranged f ro m  a s lig h t to  
s tro n g  reac tion  fo r  the specie in jec te d . C ross reac tions  
w ere  observed p a r t ic u la r ly  between beef and lam b. T h e  
ra b b its  w ere  b led on w e ek ly  in te rv a ls  and the  n u m b e r o f 
s tro n g  p o s itive  reactions increased u p  to  a t least 120 days. 
S pecific  an tise rum s w ith  h ig h  t ite rs  w ere  ob ta ined  by 
a b so rp tion  w ith  freeze -d ried  an tigens o f cross re a c tin g  
species.

T h e  m ore  sensitive  ge l d iffu s io n  tes t was used to  eva lu 
ate a n tig e n -a n tib o d y  reactions, c ross-reactions and t i te r  o f 
specific  an tise rum s obta ined. B ee f an tise ru m  reacted w ith  
beef serum  and beef e x tra c t as show n in  F ig . 2. U s u a lly  
tw o  de fin ite  p re c ip ita t io n  bands w e re  observed between 
beef an tise ru m  and beef e x tra c t and beef serum  and one 
p re c ip ita t io n  band between beef a n tise ru m  and lam b e x 
tra c t. T h e  beef an tise ru m  was absorbed w ith  sm all 
am ounts o f lam b, horse and p o rk  freeze -d ried  ex trac ts . 
T h is  absorbed beef an tise ru m  showed o n ly  p re c ip ita tio n  
bands fo r  beef e x tra c t and beef serum  as show n in  F ig . 3. 
T h is  reac tion  was observed even w h en  the  absorbed a n t i
serum  was d ilu te d  1 :8 w ith  ph ys io lo g ica l sa line  th o u g h  
the  p re c ip ita t io n  bands w ere  m ore  d iffused . W h e n  the 
beef m uscle e x tra c t was s e ria lly  d ilu te d  as show n in  F ig .  4, 
a p re c ip ita t io n  band was show n a t a d i lu t io n  o f 1 :128 
w h ic h  corresponded to  a p ro te in  con ten t o f 0.5 m g /m l.

H o rs e  an tise ru m  was specific  in i t ia l ly  b u t tended  to  
cross react w ith  o th e r species a fte r 90 days. H o w e v e r, 
these cross reactions cou ld  be rem oved by  ab so rp tio n  w ith  
freeze -d ried  ex tra c ts  o f o th e r species. A l l  o th e r resu lts  
w ere  s im ila r  to  those observed w ith  beef. I t  was possib le 
to  detect 0 .4 m g /m l o f p ro te in  in  d ilu te d  ex trac ts .

C ABSORBED BEEF ANTISERUM
1 BEEF SERUM
2 PORK EXTRACT
3 BEEF EXTRACT
4 HORSE EXTRACT
5 LAMB EXTRACT
6 SALINE

F ig .  3. P r e c i p i t a t i o n  b a n d s  of  a b s o r b e d  b ee f  a n t i s e r u m  on  g e l  
d if fu s io n  p la tes .
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F ig .  4. D i lu t io n  p la t e  o f  a b s o r b e d  b ee f  a n t i se r u m .

The results observed with pork were similar to those 
obtained with horse. Initially, the pork antiserum was 
very specific but after 90 days cross reacted with other 
species. These cross reactions could be removed by ab
sorption with freeze-dried extracts. A positive precipita
tion band was obtained when extracts were diluted to a 
protein content of 0.4 mg/ml.
The lamb antiserum cross reacted initially with beef ex

tracts and after 90 days with horse extract. These cross 
reactions could be removed by absorption to obtain a spe
cific lamb antiserum which would react with lamb extracts

diluted to 0.4 mg/ml. All other reactions were similar to 
those observed with beef.

CONCLUSIONS
Intramuscular injections of freeze-dried skeletal muscle 

extracts with adjuvant will cause antibodies to be pro
duced which can be made to react specifically with saline 
extracts of that muscle. This injection procedure and 
antigenic protein material was superior to saline extracts, 
actomyosin, serum, serum-alum precipitate and extract- 
alum precipitate.
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Ionizing Radiation Effects on Starch as Shown by Staudinger
Index and Differential Thermal Analysis

SUMMARY—Corn starch in the form of raw granules at commercial moisture was irradiated at two levels: 3 X 10* and 6x10° rad from a Co“ source. The irradiated samples were completely dissolved in alkali, indicating there was no cross linking induced in the starch molecules by irradiation. Viscosity determinations of starch solution diluted with distilled water exhibited the ion charge effect generally observed in other macromolecules.The Staudinger indices of unirradiated, irradiated at 3 X 10' rad and 6X10* rad were 42, 22 and 16 respectively, which were an indication of depolymerization of starch macromolecules with increasing irradiation. The differential thermal analysis of the three samples also showed the depolymerization of the polymer with irradiation.It is suggested that these two simple techniques—the Staudinger index and D.T.A.—could be usefully employed to characterize small differences in starches.

INTRODUCTION
Due to the importance of starch in the food and 

textile industry, considerable work has been done to inves
tigate the structure, properties and use of this polysaccha
ride. Research in the last two decades on the ability of 
ionizing radiation to kill micro-organisms without the use 
of heat suggests a means by which heat sensitive cereal 
products may be pasteurized to increase their shelf life. 
However, as a direct result of ionizing radiation, a number 
of changes affecting the properties of the starches may 
occur.
To determine the gel-forming power and plastic strength 

of starches various kinds of viscometers have been used. 
However, because of the difficulty of getting a clear solu
tion of starch, only limited investigations have been made 
using the Ostwald viscometer. Also differential thermal 
analysis has become increasingly important in the polymer 
field. In the work reported here, these two techniques 
were used to obtain evidence of molecular changes brought 
about in starch by ionizing radiation.

LITERATURE REVIEW
Brownell e t  al. (1955) working with irradiated bread 

and cake flours concluded that treatments up to 2 X 104 
rep did not change the baking properties of the flours. 
However, cakes made from flours receiving higher dosages 
had low total volumes, were heavy, compact and had a 
yellow crumb color. Bauman e t  al, (1957) showed that 
with irradiation of cake batters using energy up to 2 X 106 
rep, gelatinization properties of the starch were markedly

A  p art of a thesis presented to the G raduate School in partial 
fulfillment for the requirem ents of the degree of M aster of Science.

a Present address, D epartm ent of Biochem istry, Dalhousie U ni
versity, H alifax , N ova Scotia, Canada.

changed. The gelatinization characteristics of the starch 
were also changed in dry cake mixes at a high level of irradiation.
Miller e t  al. (1965), stated that white cake and bread 

made from flour irradiated with 2 X 104 to 5 X 104 rad 
are distinguishable and less palatable than similar prod
ucts baked from non-irradiated flour. Kertesz e t  al. (1959) 
have shown that with ionizing radiation starch macro
molecule is depolymerized with the formation of low 
molecular weight dextrins and sugars.
Work by Wolfrom e t  al. (1959) demonstrated that car

bohydrates underwent color and organoleptic changes on 
irradiation in the solid state. Irradiation of the disaccha
rides and trisaccharides showed that the glycosidic bond is 
especially sensitive to the action of ionizing radiation and 
that the order of hydrolysis is qualitatively that found with 
acid hydrolysis. Hydrolysis of the disaccharides and tri
saccharides increased with increasing irradiation dosage.

MATERIALS AND METHODS
Corn starch in the form of raw granules at commer

cial moisture was irradiated at two levels i.e. 3 X 106 and 
6 X 106 rad from a Co60 source. For the determination of 
viscosities, clear cold solution of starch was prepared. A
5.0 g sample of starch was moistened with 20 ml 95% 
ethanol. After 20 min 200 ml N  NaOH was added and 
mixture allowed to stand for 30 min with occasional stir
ring. The mixture was then made slightly acidic with 2N  
HC1 and back-titrated to neutrality with 0.01A NaOH. 
This solution was diluted to 500 ml to give a 1% starch 
solution. Further dilutions of 1% solution were made 
and viscosity determined with an Ostwald viscometer No. 
100 at 24°C according to Jirgensons e t  al. (1962).
The Staudinger index [77] is defined by the Interna

tional Union of Pure and Applied Chemistry 1957 (Jirgen
sons 1958) as

where -7 and r)a are the time required by the sample solution 
and the solvent respectively to flow equal distances in the 
viscometer, and C is the concentration expressed in grams 
of solute per milliliter. With concentration expressed in 
grams of solute per 100 ml, [7] has long been known as 
the intrinsic viscosity.
For differential thermal analysis (DTA), samples were 

dried to a constant weight over P20 5 under vacuum. The 
samples were mixed with calcined alumina in the ratio of 
1 :3 and the DTA curves were obtained at the rate of 3°C 
per minute up to 500°C, with a rotating drum-type appa
ratus in the presence of air as described by Smothers 
e t  al. (1958).
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T a b le  1. T o ta l solids, sodium  ch lo rid e and am oun t of s ta rch  in 
500 ml of 1 %  solution ( t  =  2 4 ° C )  (A v e ra g e  o f tr ip lica te  re a d in g s).

Sample Total solids 
8

Sodium chloride 
8

Starch
g

U n irrad iated 16.89 11.93 4.96
Irrad ia ted  3 X 1 0 6 rad 17.16 12.16 5.00
Irrad ia ted  6  X 1 0 6 rad 17.05 1 2 .0 0 5.05

RESULTS A N D  DISCUSSION
Ionizing radiation is said to cross link some macro

molecules but this was not observed in corn starch samples 
studied. The 500 ml 1% solution was centrifuged at 2500 
rpm for 1 hr and top about 400 ml were retained for the 
investigations. Concentration of starch in solution was 
determined by drying 5 ml aliquot of the solution and 
subtracting the amount of NaCl determined by A g N 0 3 

titration in another aliquot. The results indicated that 
starch was completely dissolved and the variation was 
within the experimental error (Table 1). If these starch 
granules had been appreciably cross linked, the alkali used 
would not have dissolved the granules completely.

Viscosities were first determined by using distilled 
water for dilution of 1% solution. The viscosity number 
2L (formerly known as relative viscosity) decreased at 
first with increasing concentration of the starch solution 
and then decreased (Fig. 1). This ion charge effect ob
served was similar to that reported by Jirgensons et al.
(1962) for polyacrylic acid. The effect was marked at 
lower levels of irradiation at 3 X 106 rad, but not so at 
6  X  106 rad, which indicated that as the level of radiation 
increased the starch molecule is depolymerized such that 
it is less ionized.

To overcome the ion charge effect and to obtain straight 
line curves which could be extrapolated to C =  O for the 
determination of Staudinger index, dilutions for the vis
cosity measurements were made with 0A N  NaCl, the 
concentration found in the 1 % starch solution.

The Staudinger indices for the unirradiated, irradiated 
at 3 X  106  rad and 6  X  108 rad were 42, 22 and 16 
respectively (Fig. 2 ). Since the Staudinger index [??] is 
related to the molecular weight M of a polymer as

NaCl CONCENTRATION (Normality)

0  0.1 0.2 0.3 0.4

Fig. 1. Ion charge effect on viscosity number of starch solutions. 
A. Unirradiated. B. Irradiated 3 X  10s rad. C. Irradiated 6 X  10s 
rad.

Fig. 2. Staudinger index of starch solutions. A . Unirradiated. 
B. Irradiated 3 X  10s rad. C. Irradiated 6 X l0 e rad.

fo] =  KM a
where K and a are constants, these values indicated that 
with the increasing levels of irradiation, there was a 
decrease in molecular chain length.

The differential thermal analysis (Fig. 3) showed a 
slight exothermic reaction around 288° C followed by an 
endothermic reaction around 325°C and a second endo
thermic reaction at about 340°C in unirradiated starch. 
By contrast, irradiated starch showed only one endother
mic reaction. It occurred around 275°C when irradiation 
was 3 X  108 rad and around 284°C with 6  X 106 rad 
irradiation. Thus irradiation caused chemical changes in 
the starch.

The cause of the endothermic reaction in the DTA

IT
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Fig. 3. D ifferential thermal curves of starch. A . Unirradiated.
B. Irradiated 3 X lO s rad. C. Irradiated 6 X  10s rad.
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curves presented in this study, shown by the deviation of 
the temperature line below the curve, is not known with 
certainty. I t is probable that these reactions occur due 
to the loss of water in burning. The exothermic reactions 
seem to be due to oxidation.

C O N C L U S IO N S
Two simple techniques—the S ta u d in g e r  index and 

DTA—could be usefully employed to characterize small 
differences in starches.
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T h e r m a l  D e g r a d a t i o n  o f  B l a c k  R a s p b e r r y  A n t h o c y a n i n

P i g m e n t s  in  M o d e l  S y s t e m s

SUMMARY—The thermal degradation of anthocyanin pigments 
of black raspberries as influenced by pH, oxygen, sugars 
and their degradation products were studied. The degrada
tion of the major anthocyanin component (cyanidin-3-digluco- 
side), the total isolated pigments and the pigment in the 
natural berry juice was retarded as the pH decreased. Under 
the same conditions, cyanidin was much more unstable than 
any of the anthocyanin containing systems. In all cases stud
ied, replacement of the oxygen atmosphere with nitrogen 
enhanced pigment stability. The rate constants for the 
thermal degradation of cyanidin-3-diglucoside at various pH 
levels under oxygen and nitrogen were determined. The 
sugars studied accelerated pigment destruction to the same 
extent. Sugar degradation products were more effective than 
sugars in accelerating anthocyanin breakdown.

I N T R O D U C T IO N
Loss of anthocyanin pigment is an important factor 

contributing to the color deterioration of various fruit 
products. Chemically anthocyanins are quite unstable, both 
in solution and in cellular media. They may easily change 
from their characteristic natural red or blue color to the 
undesirable brown-colored compounds. Many factors pre-

a P re se n t a d d re s s : H u n t Foo d s and In d u stries, F u llerto n , C a li
forn ia .

vailing during processing have been shown to influence the 
degradation of the pigment. Considerable work on the 
principal anthocyanin of strawberries (pelargonidin-3-glu- 
coside) revealed that pH, temperature and presence of 
oxygen are of paramount importance (Lukton et al., 1956; 
Meschter, 1953).

Cellular constituents, including sugars and ascorbic acid, 
play an important role in anthocyanin degradation in vari
ous other natural and model systems (Decereau et al, 
1956 ; Harib et al., 1956; Lukton et al., 1956; Markakis 
et al., 1957; Meschter, 1953 ; Nebesky et al., 1949; Peder
son et al., 1947; Sondheimer et al., 1953; Tinsley et al..
1960). All of these factors influence the red anthocyanin 
pigment of black and red raspberries (Daravingas et al., 
1965; Lee et al., 1950; Pederson et al., 1941; Pederson 
et al., 1947; Tressler et al., 1943).

Tinsley et al. (1960) investigated the kinetics of the 
thermal degradation of the anthocyanin pigments of straw
berries as influenced by the presence of various sugars and 
sugar degradation products under nitrogen or air and 
found in all cases first order reactions. Lamort (1959a) 
also reported that the thermal destruction of anthocyanin 
pigments of red raspberry followed first order kinetics. 
However, he found that the anthocyanidins of the rasp
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berry pigments did not follow the same pattern (Lamort,
1959b).

This work is an effort to study the kinetics of the pig
ment destruction and to further evaluate the importance 
of some factors influencing the degradation of the pigments 
in black raspberry juice, the total extracted pigment (pri
marily cyanidin-3-diglucoside, cyanidin-3-glucoside, cyani- 
din-3,5-diglucoside and cyanidin-3,5-rhamnoglucosido-5- 
glucoside), its major anthocyanin (cyanidin-3-diglucoside, 
hereafter referred to as C-3-di-G) and the common agly- 
cone (cyanidin).

E X P E R IM E N T A L
T h e  pigment degradation of Monger variety black 

raspberry juice was determined in three model systems: 
one containing the total purified pigment, another with the 
major component (C-3-di-G), and the third with cyanidin. 
Extraction, isolation and purification of the pigment were 
carried out as previously reported (Daravingas et al.,
1966). The major pigment was separated by means of 
paper chromatography using Whatman 3MM filter paper 
and butanol: acetic acid : water (4 :1 :5  v /v /v ) solvent. The 
cyanidin used was obtained by acetic hydrolysis of the 
purified C-3-di-G (Daravingas et al., 1966).

The kinetics of the thermal degradation of the pigments 
in the systems were studied under conditions resembling 
the cellular environment for the factor under consideration ; 
the concentration of the pigment and of the reacting con
stituents, in each case, was in the same molecular propor
tion as found in the fresh berry juice. The reaction 
medium was a Sorensen’s citrate buffer of pH 3.25.

The reactants were placed in a three-necked round bot
tom flask. The central neck was adapted vertically to a 
condenser connected to a CaCL tube. One of the necks 
served as a gas inlet and the third was used for introduction 
of reactants and for sampling. A water bath was used to 
maintain constant temperature in the reaction flask. The 
entire system was kept in the dark. Shaking was applied 
to maintain homogeneous dispersion of the reactants.

The pigment concentration was determined by the spec- 
trophotometric method of Lukton et al. (1956), modified 
to yield results for black raspberry pigment. The optical 
density of the pigments was determined at three wave
lengths, 440 m/x, 700 m/x and the wavelength of maximum 
absorption, which ranged between 514 and 520 m/x. The 
reading at 700 m/x was taken as a measure of the turbidity 
of the solutions and was subtracted from both the 440 m/x 
and the maximum wavelength readings. From the follow

ing simultaneous equations, the optical density of the pig
ments at a given pH was calculated.

T'jmax TAmax . ^  max 
P T-

D 4 4 0  =  aD“ M +bD ” as

DP represents optical density of the pigment 
Db represents optical density of the brown 

breakdown products.
Factor “a” is the ratio of the absorption of the pigment 

at 440 m/x to that at its maximum wavelength for a given 
pH. This ratio was determined for C-3-di-G and for the 
total pigment at all pH ’s used in the experiment. Factor 
“b” represents the ratio of the absorption at 440 m/x of the 
breakdown product to the absorption of the soluble break
down product at the wavelength corresponding to the 
pigment's maximum absorption. Values for “a” and “b” 
are given in Table 1.

In these studies, the destruction of the pigment resulted 
in the formation of a red-brown precipitate which was 
insoluble in the buffer system employed. A soluble brown 
pigment also appeared which interfered with measuring 
the red color. Mathematical correction for minimizing the 
interference was presented earlier. When the reaction was 
allowed to proceed at 50°C for one month, the anthocyanin 
pigments were completely converted to the two brown 
products. These products have been associated with the 
browning of the desirable red anthocyanin color during 
processing and storage of fruits containing this natural 
pigment. Complete chemical characterization of these 
products of anthocyanin destruction has not been achieved.

The results obtained from these studies were analyzed 
to elucidate the kinetics of the anthocyanin breakdown. A 
plot of In a / ( a —x) against time was made where a =  the 
initial concentration of the anthocyanin pigment and x =  
the fraction of pigment disappearing in time t. The first 
order rate constants were obtained from the slope of the 
resulting straight line and are given in Tables 2 and 3.

The first factor investigated was the hydrogen ion con
centration of the system, which greatly affected the rate of 
thermal degradation of the pigment. In model systems of 
C-3-di-G (under oxygen or nitrogen at 50°C), a decrease 
in pH from 4.25 to 0.95 enhanced the pigment retention 
(Fig. 1 and Table 2). However, the degradation reaction 
proceeded faster at pH 0.95 than at pH 2.15. This finding 
is in agreement with Meschter’s (1953) observation that 
maximum pigment retention was attained at pH 1.8 for 
strawberry anthocyanins. Changes in both directions from 
this pH value decreased the stability of the pigment.

T a b l e  1. F a c t o r s  “a ”  a n d  “ b ”  o f  t h e  p ig m e n t s  a t  t h e  c o r r e s p o n d i n g  p H .

Pigment factor
Wave length ■ (m/i)1

pH
1.15 1.70 2.15 2.55 3.25 3.85 4.25 4.70 5.85 7.95 9.60

T o t a l a 515 0 .3 0 0 .3 0 0 .3 3 0 .35 0 .5 3 0 .6 6 0 .8 3 1 .10

c r u d e b 4 4 0 4 .1 0 3 .5 0 3 .60 3 .1 0 2 .9 0 2 .9 0 2 .7 0 2 .6 0 2 .7 0

p i g m e n t
c - 3 - a 5 1 4 0 .3 0 0 .31 0 .3 3 0 .3 3 0 .5 3 0 .6 7 0 .8 3 1 .10

d i - G b 4 40 4 .1 0 3 .5 0 3 .7 0 3 .1 0 2 .9 0 2 .7 0 2 .6 0 2 .7 0

C y a n i d in a 5 20 0 .5 6

b 4 4 0 3 .2 0

1 W a v e l e n g t h s  g iv e n  f r o m  c i t r a t e  b u f f e r .
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T a b l e  2 . F i r s t  o r d e r  r a t e  c o n s t a n t s  ( d a y s ' )  f o r  t h e  d e g r a d a t i o n  o f  C - 3 - d i - G ,  c y a n i d in ,  
c r u d e  p i g m e n t  a n d  ju i c e .

S y s te m 1

pH
4.15 3.25 2.15 0.95

0 2 N 3 O N o N O N

C - 3 - d i - G 0 .1 2 7 0 .1 1 5 0 .0 8 8 0 .0 7 7 0 .0 7 4 0 .071 0 .0 7 8 0 .0 7 5
T o t a l  c r u d e  p ig m e n t 0 .1 2 7 0 .1 1 6 0 .0 8 7 0 .0 7 7 0 .0 7 4 0 .071 0 .0 7 7 0 .0 7 4
J u i c e 0 .1 3 5 0 .1 1 5 0 .1 0 3 0 .0 7 3 0 .0 6 9
C y a n i d in 2 .2 3 1 .00

1 A l l  s u b s t r a t e s  w e r e  d i s s o lv e d  in  O .lA f c i t r a t e  b u f f e r .  T h e  r e a c t i o n s  w e r e  c a r r i e d  o u t  a t  5 0 ° C .
2 O  r e p r e s e n t s  a  m o d e l  s y s t e m  w i t h  a n  o x y g e n  a t m o s p h e r e .
3 N  r e p r e s e n t s  a  m o d e l  s y s t e m  w i t h  n i t r o g e n  a tm o s p h e r e .

T a b l e  3 . F i r s t  o r d e r  r a t e  c o n s t a n t s  ( d a y s 1)  f o r  t h e  d e g r a d a t i o n  o f  C - 3 - d i - G  a n d  c r u d e  
p ig m e n t  in  t h e  p r e s e n c e  o f  s u g a r s .

Sugar Glucose Fructose Xylose Sucrose Buffer
Cone. System1 (M) 0.010 0.019 0.010 0.016 0.010 0.016 0.010 0.018 0.10

C - 3 - d i - G 0 .2 0 7 0 .2 0 7 0 .1 9 8 0 .2 0 7 0 .1 9 5 0 .201 0 .1 9 2 0 .1 9 6 0 .0 8 8
C r u d e  p ig m e n t 0 .2 0 8 0 .2 0 9 0 .1 9 8 0 .2 0 7 0 .1 9 6 0.202 0 .1 9 5 0 .1 9 6 0 .0 8 7

1 T h e  r e a c t i o n s  w e r e  c a r r i e d  o u t  in  0 .1 M  S o r e n s e n ’s c i t r a t e  b u f f e r  o f  p H  3 .25  a t  5 0 “ C.

The explanation of this phenomenon was that the con
centration of the more stable cation form of the pigment 
decreased at higher pH values giving rise to the more 
labile nonionic form. At pH values less than 1.8 , the over
all stability was decreased because of the hydrolysis of the 
anthocyanin to sugar and the highly unstable anthocyanidin 
moiety. Hence, anthocyanidin degradation was able to 
mask the expected increased stability which would result 
from the higher concentration of the more stable cation 
form of the unhydrolyzed pigment. The initial lag period 
of higher stability observed at pH 0.95, probably corre
sponding to the time required for hydrolysis of the antho
cyanin, supported the above explanation (Figs. 1 and 2).

Similar experiments using the total crude pigment in 
the system yielded results nearly identical to those with 
C-3-di-G, which was expected since the C-3-di-G is the 
fraction of highest concentration in the black raspberry

/ ' / ) / .  1. The effect of various pH levels on the thermal destruc
tion of C-3-di-G in citrate buffer (0.1 M J  under oxygen at 50°C. 
Legend: Pigment retention; • ,  pH 0.95; □ ,  pH 2.15;A ,  pH 3.25; 
and X ,  pH 4.15.

pigment (Daravingas et al., 1966) and thus would control 
the overall thermal degradation of the pigment (Table 2).

Additional experiments using freshly extracted juice at 
various pH levels (adjusted with Sorensen’s citrate 
buffer) indicated that lowering the pH from 4.15 to 2.15 
increased the stability of the anthocyanin pigment in the 
juice.

The higher stability of black raspberry anthocyanins in 
a model system as compared with the natural juice sug
gested that some cellular constituents were influential in 
this pigment destruction (Table 2). These data revealed 
that cyanidin was much more unstable than C-3-di-G and 
the natural combination of the black raspberry anthocy
anins in either model systems or juice. This demonstrated 
that blocking of the hydroxyl group of the 3-position with 
a sugar retarded destruction of the desirable red pigment.

Pig. 2. The effect of various pH levels on the thermal destruc
tion of anthocyanins of black raspberry juice and of anthocyanidin 
in citrate buffer (0.1 M )  at 50°C. Legend: Juice pigment under 
oxygen; • ,  pH 2.15; n ,  pH 3.25; A ,  pH 4.15. Anthocyanidin; 
O, pH 3.25 under oxygen; and X, pH 3.25 under nitrogen.
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A second very important factor of pigment destruction 
was the presence of molecular oxygen. In all systems 
studied, when nitrogen was used instead of oxygen, the 
stability of the anthocyanin or anthocyanidin was increased 
(Table 2). The degradation followed first order kinetics.

A third factor investigated was the effect of sugars and 
their degradation products on anthocyanin destruction. 
All four carbohydrates used (sucrose, a disaccharide; 
fructose, a ketohexose; glucose, an a ld o h e x o s e ; and 
xylose, an aldopentose) resulted in an increased rate of 
pigment degradation in model systems at pH 3.25 (the 
natural juice pH ) and 50°C with no major differences 
among the sugars in this effect.

This work did not reveal the difference reported by 
Tinsley et al. (1960) that anthocyanin degradation in the 
presence of fructose proceeded faster than in the presence 
of glucose. However, their e x p e r im e n ta l  conditions 
differed greatly from those used in this study; they used 
a higher reaction temperature (90°C), a higher concen
tration of sugars (0.25 and 0.0511/) and a different antho
cyanin (pelargonidin-3-glucoside). These conditions would 
markedly accelerate the reaction rate, which may account 
for the detection of the differences between the effects of 
these two sugars.

Determination of the first order rate constants by the 
plotting technique (Table 3) indicated that in systems with 
added sugars, pigment degradation was significantly faster 
than in corresponding systems without sugar at the same 
pH level. The system with added sucrose followed first 
order kinetics only after an initial lag period (approxi
mately 1 2  h r), which was probably the time required for 
the hydrolysis of the disaccharide to the active glucose 
and fructose.

The destructive effects of the sugars may have resulted 
from a direct reaction of the pigment with the sugar or 
the pigment with some active degradation product of the 
sugar. Heterocyclic aldehydes may be formed under the 
acidic conditions prevailing in most fruit products coin
cident with the increased temperature of processing and 
may result in degradation of the pigment. Furfural can 
be derived from pentoses and 5-hydroxymethylfurfural 
from hexoses. Compounds of this type could also be 
derived from Maillard browning reactions or oxidation 
of ascorbic acid. The effect of these two compounds on the 
rate of anthocyanin destruction was investigated.

In a model system using C-3-di-G, both furfural and
5-hydroxymethylfurfural greatly accelerated the pigment 
destruction (Fig. 3). This was in agreement with the 
results of Meschter (1953) and Tinsley et al. (1960) in 
which both of these degradation products accelerated the 
anthocyanin breakdown in strawberries. Tinsley et al.
(I960) also reported that the degradation of pelargonidin-
3-glucoside followed first order kinetics in model systems 
of pH 3.40 in 0.05M  but not in 0.0IM  concentrations of 
furfural and 5-hydroxymethylfurfural. However, in agree
ment with Meschter's (1953) findings, this work revealed 
that the reaction in the presence of the sugar degradation 
products did not follow first order kinetics. The reaction 
rate was affected by the concentration of both the antho
cyanin and the added constituents, with furfural resulting 
in a higher destruction rate than 5-hydroxymethylfurfural.

Fig. 3. The effect of glucose and sugar degradation products on
the thermal destruction of C-3-di-G in citrate buffer (0.1M) pH 3.25 
under oxygen at 50°C. Legend: In presence of: •  , 0.1 M  glucose; 
□  , 0.1 M  formic acid; A ,  0.1 M  levulinic acid; X ,  0.1M 5 - h y d r o x y -  
mcthylfurfural; and Q, 0.1 M  furfural.

In acidic media, the natural state for nearly all antho
cyanin -c o n ta in in g  fruits, 5-hydroxymethylfurfural may 
further decompose to levulinic and formic acids, so the 
effect of those two acids on the pigment destruction was 
of interest. Their reaction with C-3-di-G (in 0.1 M  citrate 
buffer at pH 3.25 and 50°C) revealed that pigment de
struction was greater than that observed in the buffer 
system alone ar.d in the presence of sugars; however, it 
was not as great as was observed in the presence of an 
equivalent concentration of furfural or 5-hydroxymethyl- 
furfural. The breakdown of the unstable 5-hydroxymethyl
furfural to the less active acids could account for the 
observed differences in the action of the two furanic alde
hydes on the pigment.

Nearly identical results were obtained in systems con
taining total crude pigment with the sugars and sugar 
degradation products investigated (Table 3).
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F r e e  A m i n o  A c i d s  in  H a m  M u s c l e  D u r i n g  S u c c e s s i v e  A g i n g

P e r i o d s  a n d  T h e i r  R e l a t i o n  t o  F l a v o r

SUMMARY—The free amino acids and total ninhydrin positive 
material (NPM) in a 1% picric acid extract from dry-cured 
hams were measured after six different periods of aging. Cor
relation coefficients were calculated between amino acid 
values and taste panel scores. Significant (P <  .05) increases 
were observed for NPM, serine, glutamic acid, threonine, 
leucine and isoleucine (not separated), valine, phenylalanine, 
proline, tyrosine, alanine, glycine and histidine during succes
sive aging periods. Correlation coefficients between NPM and 
the organoleptic measurements of aged flavor, acidity, elas
ticity, crumbliness and softness were all highly significant.
It is postulated that the increase in free amino adds can be 
attributed to action of the naturally occurring cathepsins. The 
free amino acids and their changes in concentration in rela
tionship to flavor are discussed.

I N T R O D U C T IO N
C o m m e r c i a l  p r o c e s s i n g  of dry-cured hams has in

creased significantly in recent years and now contributes 
materially to the agricultural economy of several south
eastern states. This increase has been due, in part, to 
improved processing methods as a result of considerable 
product research. For example, studies of changes in 
certain chemical and physical properties during processing 
as they relate to characteristics of the final product have 
been cited by Craig et al. (1964), Ockerman et al. (1964) 
and Kelly (1965). Application of controlled aging condi
tions has resulted in an improvement of product (H unt 
et al.. 1939; Fields et al., 1955 ; Blumer, 1958; Skelly et al.,
1964).

Volatile compounds are considered important in the 
make-up of flavor. Ockerman et al. (1964) reported car
bonyl compounds, volatile fatty acids, sulfur compounds

* N o w  s e r v i n g  in  U .  S .  A r m e d  S e r v i c e s .  
b D e p a r t m e n t  o f  E x p e r i m e n t a l  S t a t i s t i c s .

and bases released when dry-cured ham was heated in a 
vacuum distillation system. The characteristic meat-like 
flavor originates from the lean on heating (Crocker, 1948; 
Pippen et al., 1954; Batzer et al., 1960, 1962; Hornstein 
et al., 1963a,b; Wasserman et al., 1965).

It has been suggested that certain amino acids are im
portant precursors of the flavor components released when 
foods are heated and several studies have been conducted 
to determine the free amino acids present in different foods 
(Wood et al., 1957; Bender et al., 1958, 1961; Herz et al., 
1960; Macy et al., 1964; Casey et al. 1965; El ’Ode et al., 
1966; Pinto et al., 1966).

Muscle tissues contain active catheptic enzymes; these 
enzymes have not as yet been well characterized. Zender 
et al. (1958) and Sharp (1963) have shown that autoly
sis occurs during aseptic storage of muscle at ambient tem
peratures. Parrish et al. (1966) studied some of the prop
erties of a purified fraction of porcine muscle cathepsin.

Because of the evidence relating amino acids to flavor, 
this study was undertaken to determine the quantitative 
changes in free amino acids of dry-cured hams during 
aging and to determine whether these changes were asso
ciated with organoleptic characteristics of the ham.

E X P E R IM E N T A L  PROCEDURE
Curing and aging hams

Fifty paired skinned hams weighing approximately 6 . 8  

kg (15 lb) each were obtained in three separate groups; 
two groups of 10 hams each and one group of 30 hams, 
with each group treated as a separate experiment. The 
hams were cured with 1.08 oz of a curing mixture consist
ing of 8  lb sodium chloride, 2  lb white sucrose and 3  oz 
potassium nitrate per pound of ham. One-third of the 
total curing mixture required for each ham was applied
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on each of the first, third and tenth days of curing and 
the hams were cured at 4°C for 2 days/lb.

After curing, the hams were placed in stockinettes and 
hung in a curing room for an additional 30 days to effect 
salt equalization. Thereafter, the hams were smoked at 
approximately 30°C by burning hardwood sawdust. They 
were then aged in a room at 29°C ±  3, relative humidity 
60% ±  3, and air flow 35 ft/min.

Statistical design
Randomized complete block designs with two treatments 

and five blocks were used for the two groups of ten hams, 
with each pair constituting a block. Groups 1 and 2 were 
assigned to treatments of 20 and 36 weeks and 12 and 28 
weeks of aging respectively. The 30 hams of group 3 were 
used in a balanced incomplete block design ( Cochran et al.,
1950) with six aging period treatments of 0, 2, 4, 8 , 16 
and 24 weeks and 15 blocks with each pair constituting 
one incomplete block.

Sampling procedure
Five hams were removed from aging at each sampling 

period. Three Fs-in. slices were removed from each ham 
approximately Y\-in. posterior and parallel to the aitch 
bone. The center slice was used for taste panel evaluation 
and the other two slices for the physical and chemical 
analysis. All determinations were made on the semimem
branosus muscle.

An experienced taste panel of four members evaluated all 
hams on a 1 to 7 hedonic scale for saltiness, elasticity, 
crumbliness, softness, juiciness, aged flavor and acidity. 
The slices used for organoleptic evaluation were trimmed 
free of excess fat, placed on a broiler pan and broiled in a 
preheated oven for 10 min per side at 183°C

The first and third slices, trimmed free of fat and the 
dried outer layer, were homogenized in a W aring blender. 
Aliquots were then removed for moisture, fat and free 
amino acid analysis. Moisture and fat were determined as 
described in AOAC (1960).

Deprotein ization
The aliquots for free amino acid determinations were 

deproteinized by the method of Tallon et al. (1954). The 
final protein free extract from the ham muscle was brought 
to a volume of 200 ml. Three 50-ml aliquots were trans
ferred to three 125-ml Erlenmeyer flasks and immediately 
frozen with dry ice and acetone. The frozen sample was 
lyophilized, sealed and stored at —20°C until used for the 
amino acid analysis.

Separation of amino acids
Single flasks of the lyophilized sample were removed 

from the freezer and the dry powder dissolved in 1 0  ml of 
water.

The amino acids were separated using a modification of 
the method described by Rothman et al. (1962). Samples 
were applied in quantities of 2 0  to 60 per band on three 
strips of Whatman 3 MM filter paper 10 X 110 cm on a 
line 20 cm from the anode end in 2 cm bands, 3 cm apart 
and 1.5 cm from the edge of the strip. All quantitative 
amino acid determinations were run in quintuplicate.

At a distance 40 cm from the anode end of another strip,

a quantity of sample double the amount used at 2 0  cm 
was applied. This application was made so that any 
strongly acidic compounds in the sample that migrated 
toward the anode during electrophoresis would not run 
off the end of the strip and could thus be detected.

The paper was dipped in a buffer solution of pH 1.8 
(Rothman et al., 1962) and electrophoresis was performed 
at 5,500 volts (55 volts/cm) under Varsol with an oper
ating time of 95 min (electrophoresis tank and power 
supply— Savant Instruments, Inc., Hicksville, New York). 
After electrophoresis, the strips of paper were dried in 
a fume hood.

The paper strips were then cut lengthwise down the 
center of the strio so that each band of sample was cen
tered on a 5-cm strip. One of the sample strips plus the 
strip spotted at 40 cm was dipped in a ninhydrin solution 
and hung in a fume hood until color developed. Using the 
sample strip as a marker, the five remaining strips were 
subjected to chromatography as described by Rothman 
et al. (1962) with the following exceptions: (1) the 10-cm 
strip of filter pap>er stitched on the top edge of the 5-cm 
strip was Whatman No. 1 filter paper; (2) the solvent 
system used was 40 parts tertiarybutyl alcohol, 30 parts
2-butanone, 15 parts formic acid ( 8 8 %) and 15 parts water 
(Fink et al., 1963) ; (3) the chromatographic develop
ment was stopped before the solvent ran off the paper
(Fig. 1).

Samples were also applied on a sheet of Whatman 3 MM 
filter paper which had been previously dipped in 0A M  
phosphate buffer at pH 9.0. A 10 X 15 cm strip of W hat
man No. 1 filter paper was stitched to the top of the 
Whatman 3 MM filter paper. The papers were hung 
in chromatography jars and allowed to equilibrate with 
the solvent for 1 2  hr and then subjected to descending 
chromatography for 36 hr in a solvent containing 40 parts 
methanol, 40 parts 2-butanone, 12 parts 0.1 M  phosphate 
buffer and 8  parts water.

This system was used to separate carnosine. I t was 
necessary to allow the solvent to run off the paper during 
the development in order to separate carnosine from the 
other basic and slow moving compounds.

Quantitation
The amino acids were eluted from the chromatograms 

and measured by the methods of Tigane et al. (1961) with

F ig . 1. E le c tr o p h o r e s is  a n d  c h r o m a to g r a p h y  s y s te m .
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T a b l e  1. N P M  1 in  m i l l i m o le s  p e r  g r a m  o f  h a m  a n d  a n a l y s i s  o f  v a r i a n c e  f o r  g r o u p s  1 a n d  2 .

Weeksaged
Pairs of hams

Source
Analysis of variance

d.f. S.S. M.S. Fl 2 3 4 5
G r o u p  1

2 0 0 . 7 5 2 1 .12 0.81 1 .37 1.00 B lo c k s 4 0 .4 1 5 0 .1 0 7 4 4 .4 * *

36 0 .8 2 1 .19 0.91 1 .32 0 .9 6 T r e a t m e n t s 1 0 .0 0 2 0 .0 0 2 0 .9 2

T o t a l s 1 .57 2 .3 0 1 .72 2 .7 0 1 .96
E r r o r 4 0 .0 1 0 0 .0 0 2

T o t a l 9 0 .4 2 7

G r o u p  2

12 1 .12 0 .9 2 0 .6 4 0 .7 2 0 .7 2 B lo c k s 4 0 .3 2 7 0 .0 8 2 12 .5 7 *

2 8 1 .10 1.10 0 .6 6 0 .85 0 .6 3 T r e a t m e n t s 1 0 .0 0 5 0 .005 0 .75

T o t a l s 2.21 2 .01 1 .30 1 .57 1 .35
E r r o r 4 0 .0 2 6 0 .0 0 7

T o t a l 9 0 .3 5 8

' T o t a l  n i n h y d r i n  p o s i t i v e  m a t e r i a l  in  o n e  p e r c e n t  p i c r i c  a c id  e x t r a c t .  
2 A l l  w e i g h t  v a lu e s  o n  f a t - f r e e ,  m o i s t u r e - f r e e  b a s i s .

* S i g n i f i c a n t  ( P  <  .0 5 ) .
**  H i g h l y  s ig n i f i c a n t  ( P  <  .0 1 ) .

one modification. It was necessary to treat the excised 
spots twice with the methanolic borate buffer to drive off 
all the ammonia from the spots. The ninhydrin-hydrin- 
dantin reagent used in the quantitation was prepared as 
described by Matheson et al. (1961). The methyoxyeth- 
anol used in his reagent was boiled with activated charcoal 
and redistilled out of ferrous sulfate immediately before 
using. All optical density readings were made at 570 m/* on 
a spectrophotometer (Bausch and Lomb Spectronic 20).

Total ninhydrin positive material
This determination was used as an estimate of the total 

free amino acids in the sample. The redissolved sample 
was diluted with water by a factor of 99 to 1 or greater, 
depending on the sample. From the diluted sample, 0.3 ml 
was pipetted into a screw cap test tube and 3 ml of the 
ninhydrin-hydrindantin reagent added. The tubes were 
capped, placed in boiling water for 2  min, diluted to 1 0  ml 
with 50% EtO H , rocked for 3 min and the optical density- 
read at 570 m/i. The moles of ninhydrin positive material 
(N P M ) were then calculated from a standard curve pre
pared from alanine.

RESULTS A N D  DISCUSSION
F or groups 1 and 2, only the NPM  was measured. No 

significant (P  >  .05) change in NPM  was found to occur 
between 20 to 36 weeks of aging. However, there were 
significant (P  <  .05) differences among the pairs within 
these two groups.

In group 3, highly significant (P  <  .01) increases were 
shown for NPM  and the following free amino acids: 
serine, glutamic acid, threonine, leucine and isoleucine (not 
separated), valine, phenylalanine and proline. Significant 
(P  <  .05) increases were found for tyrosine, alanine, gly
cine and histidine. In addition, the following amino acids 
were detected: methionine, tryptophan, taurine, arginine, 
carnosine, ornithine, lysine, phosphoserine, aspartic acid 
and asparagine (Table 2 ). Not all of these acids were 
detected in each ham. All identifications were based on 
relative rates of migration in electrophoresis and separa
tion by paper chromatography. Amino acid standards were 
employed in conjunction with the samples in identification 
procedures.

Increases observed in this study for both percent soluble 
nitrogen and soluble amino nitrogen agree with those of 
Hunt et al. (1939) and Blumer (1954). However, Fields 
et al. (1955), except for one ham aged at 32.2°C for 12 
months, observed no change in non-protein nitrogen in 
hams aged at varying temperatures. This contrary report 
may be due to the fact that the hams used in the study by 
Fields et al. (1955) were smoked to an internal tempera
ture of 51.7 to 54.4°C, a temperature which is above the 
optimum for porcine muscle catheptic activity (Parrish 
et al., 1966), and thus some of the proteolytic enzymes of 
the hams may have been inactivated.

The data suggest enzymatic degradation of protein al
though the source of enzymes, microbial or naturally occur
ring, is not known. Hunt et al. (1939) and Mundt et al.
(1951) noted that spoilage and off flavors in hams are 
caused by growth of proteolytic organisms.

Zender et al. (1958) and Sharp (1963) observed proteo
lytic action in fresh meat stored aseptically at 37° and/or 
25°C. Proteolysis under aseptic conditions would be due 
to naturally occurring muscle cathepsins. Parrish et al.
(1966) found that the activity of partially purified porcine 
muscle cathepsin was maximum at pH 4.0 and optimum 
at pH 8.0 and 10.0, but the activity was greater below pH
5.0 than above pH 6.0. The available information suggests 
the proteolytic action observed during aging of dry-cured 
hams is primarily, if not entirely, due to the presence of 
muscle cathepsins.

All acids that showed significant (P  <  .05) changes dur
ing aging followed a similar time pattern. Increases were 
observed during the early stages of aging, but the amount 
of acid remained rather constant after 16 weeks. T rypto
phan and taurine were the only acids that appeared to 
decrease with aging, however, they did not give significant 
(P  >  .05) F values.

Although many of the correlation coefficients determined 
in this study (Table 3) were highly significant (P  <  .01), 
those which represent a cause and effect relationship and 
those which merely represent parallel changes were not 
determined in this study.

Since Blumer (1954) and Kelly (1965) have shown 
significant ( P <  .05) changes in the free fatty acids during
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T a b l e  2 . A v e r a g e  N P M  a n d  f r e e  a m i n o  a c i d  c o n t e n t  in  m ic r o m o le s  p e r  g r a m  o f  h a m  a n d  
F  v a lu e s .

A m ino  a c id 1 0 2 4 8 16 24 V a lu es

N P M 2' 3 5 0 6 .0 65 1 .1 7 0 9 .8 9 2 7 .6 924 .1 9 9 0 .0 1 3 .7 5 * *
S e r i n e 18 .4 30 .5 3 2 .5 44.1 42 .1 49.1 9 .1 5 * *
M e th i o n in e 1 3 .2 18.3 14.5 10.2 15.1 15.1 0 .9 2
G l u t a m i c  a c id 2 0 .5 4 2 .4 4 0 .3 5 7 .9 6 1 .0 6 1 .8 2 3 .9  **
T h r e o n i n e 9 .7 21.8 2 4 .3 3 1 .8 3 9 .9 3 9 .7 1 3 .7  **
L e u c in e  +  I s o l e u c i n e 3 2 .9 6 4 .2 6 3 .9 9 2 .2 9 4 .2 1 0 0 .4 2 1 .7  **
V a l i n e 15 .3 3 2 .0 3 6 .4 53 .5 5 6 .4 6 0 .0 2 4 .3  **
T  r y p t o p h a n 3 0 .7 17 .3 18.3 15 .8 24 .1 11.0 1.75
P h e n y l a l a n i n e 8 .4 18 .8 2 5 .5 26 .1 3 0 .0 2 8 .4 1 3 .3  **
P r o l i n e 7 .8 2 0 .4 2 3 .0 2 2 .7 2 8 .0 3 0 .3 6 .7 5 * *
T y r o s i n e 8 .7 7 .7 10.6 14 .2 1 7 .7 15 .8 3 .6 6 *
T a u r i n e 2 3 .9 2 3 .5 19 .3 19.5 19.5 20.8 2 .9 7
A la n in e 4 8 .3 7 7 .8 8 5 .0 6 3 .7 9 7 .5 10 1 .3 3 .8 6 *
G ly c in e 2 6 .4 4 0 .7 4 5 .7 49 .1 4 6 .8 55 .1 5 .2 2 *
A r g i n i n e 12.8 18 .8 16.1 1 6 .6 16 .6 2 1 .7 2 .4 6
H i s t i d i n e 1 2 .7 2 5 .7 2 8 .7 2 9 .4 2 5 .0 3 7 .5 4 .1 7 *
L y s i n e  +  C a r n o s i n e  -f- 

O r n i t h i n e 7 0 .2 8 2 .0 7 8 .8 7 1 .2 7 7 .4 86.2 0 .5 4
C a r n o s i n e 3 6 .6 2 9 .3 3 2 .5 3 6 .5 2 9 .2 3 3 .4 0.41

1 O n l y  t h o s e  a c i d s  f o u n d  in  e v e r y  h a m  a r e  l i s t e d .
2 T o t a l  n i n h y d r i n  p o s i t i v e  m a t e r i a l  in  o n e  p e r c e n t  p i c r i c  a c i d  s o lu t io n .
3 W e i g h t  o n  a  f a t  f r e e ,  m o i s t u r e  f r e e  b a s i s — a v e r a g e  o f  f iv e  h a m s .
* S i g n i f i c a n t  ( P < . 0 5 ) .
* *  H i g h l y  s ig n i f i c a n t  ( P  <  .0 1 ) .

aging and Kelly (1965) found a correlation coefficient of 
0.82 between acidity and percent free fatty acids, it seems 
doubtful that the correlation between NPM  and acidity 
represents anything more than a parallel change.

T a b l e  3 . C o r r e l a t i o n  c o e f f ic ie n ts  b e t w e e n  N P M ,  a m in o  a c i d s  a n d  
o r g a n o l e p t i c  q u a l i t i e s .

Amino acid(s) Organoleptic factor
Correlationcoefficients

N P M 1 a g e d  f l a v o r 0 .8 0 * *
N P M a c i d i t y 0 .6 2 * *
N P M e l a s t i c i t y 0.6 6 * *
N P M c r u m b l in e s s -  .7 6 * *
N P M s o f tn e s s -  .5 6 * *

S e r in e a g e d  f l a v o r 0 .7 8 * *

M e th i o n in e a g e d  f l a v o r 0.02
G lu ta m ic  a c id a g e d  f l a v o r 0.8 6 * *

T h r e o n i n e a g e d  f l a v o r 0 .8 3 * *

L e u c in e  +  I s o l e u c i n e a g e d  f l a v o r 0 .8 3 * *

V a l in e a g e d  f l a v o r 0 .8 5 * *

T r y p t o p h a n a g e d  f l a v o r -  .38*

P h e n y l a l a n i n e a g e d  f l a v o r 0 .7 8 * *

P r o l i n e a g e d  f l a v o r 0 .7 6 * *

T y r o s i n e a g e d  f l a v o r 0 .5 7 * *

T a u r i n e a g e d  f l a v o r -  .02

A la n in e a g e d  f l a v o r 0 .5 4 * *

G ly c in e a g e d  f l a v o r 0.6 6 * *

A r g i n i n e a g e d  f l a v o r 0 .3 8 *

H i s t i d i n e a g e d  f l a v o r 0 .5 7 * *

L y s in e  +  C a r n o s i n e  +  
O r n i t h i n e a g e d  f l a v o r 0 .0 6

C a r n o s in e a g e d  f l a v o r -  .1 2

1 T o t a l  n i n h y d r i n  p o s i t i v e  m a t e r i a l  in  1 p e r c e n t  p i c r i c  a c id  
extract

* S ig n i f i c a n t  ( P  <  .0 5 ) .
** H i g h l y  s ig n i f i c a n t  ( P  <  .0 1 ) .

Sharp (1963) has shown that the main action of cathep- 
sins is on the sarcoplasmic protein and that fibers are not 
attacked. However, with prolonged storage at ambient 
temperatures and above, catheptic action has a marked 
influence on texture. These reports suggest that some 
cause and effect relationship exists between the increases 
in N PM  and the properties associated with tenderness 
(elasticity, crumbliness and softness) although undoubt
edly other factions besides proteolytic activity affect these 
characteristics. However, Locker (1960) and Davey et al.
(1966) stated that the tenderizing and proteolysis that 
take place during aging of beef at cooler temperatures are 
not related.

At present, considerable evidence indicates that amino 
acids are important as precursors of meat flavor. It is con
ceivable that the changes occurring in the free amino acids 
in dry-cured hams during aging are related to the flavor 
changes during the aging period. Ockerman et al. (1964) 
have isolated a number of volatile carbonyl compounds, 
bases and sulfides in an attempt to characterize the flavor 
of dry-cured hams. It has been well established that amino 
acids can give rise to various volatile compounds and that 
heating synthetic mixtures of sugars and amino acids gives 
rise to odors reminiscent of certain foods (H ertz et al., 
1960; Casey et al., 1965 ; El ’Ode et al., 1966; Pearson 
et al., 1966). It would be expected that the amino acids in 
dry-cured hams are an important source of volatile com
pounds when the ham is heated.
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SUMMARY—A split-plot design was used to study browning 
and associated properties of LD muscles from 12 Duroc and 12 
Poland China barrow s. Pigs w ere: (1) untreated, (2) sugar-fed 
1 w eek b e fo re  slaughter, and (3) fasted 4 8  hr, then exercised  
to exhaustion b e fo re  slaughter. O n e half of each carcass was 
cooled  at 3 0 ° F  and the other at 4 2 °F . Loins and hams w ere 
evaluated for "q u a lity "  using the W isconsin 5-point scale.

M uscles from Durocs had m ore m arbling and ether extract 
than muscles from Poland Chinas; total moisture and G ard ner 
reflectan ce values (brow ning) w ere low er in muscles from 
Durocs than in those from Poland Chinas. C olor and firmness 
scores for hams w ere not a ffected  by breed , but firmness 
scores of loins w ere higher (P <  0 .0 5 )  for Durocs than for 
Poland Chinas. G lycog en , pH and reducing sugar values 
w ere similar for both breeds.

Antem ortem  treatm ent had no significant e ffe c t on mar
bling. Usually muscles of sugar-fed pigs had the low est; un
treated  pigs, interm ediate; and exercised  pigs the highest 
color and firmness scores. G lycogen was higher (P <  0 .0 5 )  in 
muscles from sugar-fed animals than in muscles from un
treated  or exercised  animals. Muscles of sugar-fed pigs had 
the highest reducing sugar and lowest pH and reflectance 
values; those of exercised  pigs had the lowest reducing sugar 
and the highest pH and reflectan ce values. U ntreated pigs 
had interm ediate values for those factors.

M uscles chilled at 4 2 ° F  had low er firmness, co lor, and 
m arbling scores and higher reducing sugar values than those 
chilled at 3 0 ° F . Sim ple correlation coefficients indicated 
relationships betw een reflectan ce values and total moisture, 
pH, e th er extract, and reducing sugar; w hereas, partial co rre
lation coefficients indicated relationships betw een reflectance 
and ether extract and reducing sugar. As reducing sugar 
a n d /o r  ether extract increased , the d eg ree  of browning 
increased . Also, regression analyses indicated that ether e x 
tract and reducing sugar w ere the important factors affecting 
brow ning.

INTRODUCTION
B r o w n i n g  o f  p o r k  is an important factor in acceptabil

ity of cooked pork. Variation (attributable to animal 
difference) in the degree of brownness obtained when fresh 
pork was heated was observed in this laboratory. Re
searchers at Michigan State University (Pearson et al.,
1962) established a positive relationship between the 
amount of reducing sugar present in pork tissue and the 
optical density of dried pork slurry (used as a measure of 
brownness). This relationship suggests that sugar may 
be partly responsible for the brown color developed upon 
heating.

Wilson (1965) found no difference in the brownness of 
low and average quality pork as defined by the Wisconsin
5-point scale (University of Wisconsin, 1963), but did 
find that pH  was related to brownness. Thus, there may 
be relationships among pH, reducing sugar content, and 
degree of brownness obtained when fresh pork is heated.

Several reviews (Hodge, 1953; Ellis, 1959; and Reyn
olds, 1963 and 1965) have been published on the browning 
reaction in food. Although the undesirable effects of the 
browning reaction have been emphasized, this reaction 
also may produce desirable color and flavor.

The occurrence of pale, soft, exudative (P S E ) pork 
has increased over the past few years. Factors related to 
the development of P SE  muscles and dry, firm, dark 
(D FD ) muscles have been established (Briskey, 1964), 
but the browning and related properties of those types of 
muscles have not been studied. The purpose of this study 
was to determine the effect of ( 1 ) breed, ( 2 ) antemortem 
treatment (untreated, sugar-feeding, and exhaustive exer
cise before slaughter), and (3) carcasses’ chilling tem
perature on the development of brown color upon heating 
and certain properties of unheated porcine longissimus 
dorsi (LD ) muscle. Also, the relationship of browning to 
those properties was studied.

EXPERIMENTAL PROCEDURE
T w e n t y - f o u r  (12 Poland China and 12 Duroc) bar- 

rows of similar weight were obtained from the Kansas 
State University swine herd and treated both ante- and 
post-mortem to develop three types of pork musculature, 
“normal,” PSE, and DFD. Procedures used were based 
on published work related to factors that affect the develop
ment of those types of musculature in pork carcasses.

Three antemortem treatments with eight barrows (four 
Poland China and four Duroc) in each treatment group 
were: ( 1 ) untreated, to provide “normal” muscle; ( 2 ) 
sugar-fed, to develop P SE  muscle; and (3) exercised, to 
develop DFD muscle. Pigs in the second group were fed 
a basal ration until seven days before slaughter, then fed a 
ration of equal parts, by weight, of sucrose and a basal 
ration. Pigs in the third group were fed a basal ration, 
fasted for 48 hr before slaughter, and subjected to ex
haustive exercise immediately before slaughter.

Post-mortem treatment consisted of two chilling tem
peratures. After animals were stunned, exsanguinated, 
dehaired and eviscerated carcasses were cut in half, and 
each half randomly assigned to a cooler maintained at 30 
or 42°F for 24 hr.

Experimental design and analyses of data
The experimental design was a split-plot (breed and 

antemortem treatment, whole-plot ; chilling temperature, 
sub-plot) with four replications of each treatment combi
nation. Data were subjected to analysis of variance; when 
F-values were significant for sources of variation with more 
than one degree of freedom, least significant differences 
(L SD ) at the 5% level were calculated.

Simple linear and partial correlation coefficients were
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computed for Gardner color-difference meter R d  values vs 
data f o r : reducing sugar, pH, ether extract, and total 
moisture. Also, a multiple regression analysis was con
ducted and standard partial regression coefficients were 
computed to study the relationship of 24-hr pH, reducing 
sugar, ether extract, and total moisture to browning.

Glycogen and pH
Immediately after the animals were removed from the 

dehairing machine, samples for measurement of glycogen 
were taken with a metal coring device from both the left 
and right LD muscle between the 5th and 9th rib, placed 
in plastic bags, and frozen immediately between two blocks 
of dry ice. Samples were removed from the carcass within 
7 to 12 min after the animals were stunned. W ithin 5 hr 
glycogen was determined by the method of Seifter et al.
(1950) with reagent stability improved by adding 1% 
thiourea to the anthrone reagent as suggested by Roe
(1955). Values for glycogen were computed as mg of 
glucose per 1 0 0  g of muscle tissue.

Glass electrodes were inserted in the LD muscle immedi
ately after samples for glycogen were removed and dupli
cate pH values (initial pH ) were determined with a 
Beckman pH  meter (Model 76). The carcasses were 
chilled at 30 or 42°F for 24 hr, then the LD muscle from 
the 1 0 th rib to the 1 st lumbar vertebra was excised and 
the pH (24-hr pH ) determined by inserting the electrodes 
into the center of the muscle sections.

Total moisture, ether extract, reducing sugar, and browning
The entire section of muscle was wrapped in aluminum 

foil (0.0015 gauge), frozen at — 10°F, and held at 0°F 
until analyzed for total moisture, ether extract, reducing 
sugar, and degree of browning. Each section of muscle 
was ground twice in an electric food grinder. Duplicate
10-g samples were dried for 2 hr at 121°C in a C. W. 
Brabender semi-automatic moisture tester to measure per
centage total moisture.

To determine the percentage ether extract, duplicate 
samples of approximately 2  g of muscle were dried, ex
tracted with ether for 16 hr on a Goldfisch extraction 
apparatus, the ether evaporated, and the percentage ether 
extract calculated. Nelson's method (1944) was used to 
measure reducing sugar in duplicate samples (3 ±  0.5 g) 
of muscle. Glucose was used as a standard, and values for 
reducing sugar reported as mg of glucose per 1 0 0  g 
muscle.

Samples that were dried to determine the percentage 
total moisture were powdered with a mortar and pestle and 
reflectance values {R d) for those samples were read on a 
Gardner color-difference meter and used as an indication 
of the browning property of the muscle. The instrument 
was standardized with a ceramic title having a R d  value 
of 15.53.

“Quality” evaluation
Approximately 24 hr after slaughter, the loin (10th rib) 

and ham (butt end) were evaluated for selected “quality" 
factors (marbling, firmness, and color). The Wisconsin
5-point scale (University of Wisconsin, 1963) was used for 
the evaluation.

RESULTS AND DISCUSSION
Breed

Differences in “quality” as indicated by color, firmness, 
and marbling scores were noted between Duroc and Poland 
China pigs. In general, muscles from Durocs received 
higher scores than those from Poland Chinas. However, 
significant differences attributable to breed were found 
only for firmness and marbling of the loin and marbling 
of ham muscles (Table 1).

Loin muscles from the Duroc sugar-fed and untreated 
barrows were darker (P  < 0.05) than those from simi
larly treated Poland Chinas; exercised Duroc barrows had 
lighter (P  <  0.05) colored loin muscles than exercised 
Poland China barrows. Ham muscles from Duroc and 
Poland China barrows were similar in color (Table 1). 
Sayre et al. (1963b) also noted differences in color of 
muscle attributable to breed, and reported that Poland 
China had lighter colored LD muscles than Chester Whites 
or Hampshires.

Loin muscles from Poland Chinas were less firm 
(P  <  0.05) than loin muscles from Duroc barrows; ham 
muscles were similar in firmness for the two breeds. Both 
the loin and ham muscles from the Durocs exhibited a 
greater (P  <  0.001) degree of marbling than those from 
the Poland Chinas (Table 1).

In addition to “quality” differences between breeds, cer
tain differences in muscle composition were noted. P er
centage ether extract, an objective measure of intramus
cular fat, was higher (P  <  0 .0 0 1 ), and percentage total 
moisture lower (P  < 0.001) in muscles from Durocs than 
in those from Poland Chinas. Marbling scores, a subjec
tive evaluation of intramuscular fat, also indicated a greater 
amount of fat in the muscle of the Durocs than in that from 
the Poland Chinas. Glycogen, reducing sugar, and both 
initial and 24-hr pH values were similar for the two 
breeds (Table 1).

Antemortem treatment
The three antemortem treatments did not affect the 

degree of marbling in either the loin or ham muscles; the 
other “quality” factors, color and firmness, were affected 
by the antemortem treatments. Each antemortem treat
ment produced loin muscles in Poland China pigs that were 
significantly (P <  0.05) different in color from the color 
of muscles produced by every other antemortem treatment.

Sugar-feeding produced the lightest color and exhaustive 
exercise the darkest. For the Duroc breed, loin muscles 
chilled at 30°F were darkest (P  < 0.05) for exercised and 
lightest for sugar-fed pigs ; for those chilled at 42°F, sugar- 
fed and untreated pigs had muscles that were similar in 
color and lighter (P  <  0.05) than for those that were 
exercised to exhaustion.

Scores for firmness were significantly (P  <  0.001) 
different among the antemortem treatments with the mus
cles from pigs given each treatment being significantly 
(P  <  0.05) different from those of pigs in each of the 
other treatment groups. Sugar-feeding produced the least 
firm muscles and exhaustive exercise the most firm (Table 
1). Briskey et al. (1959b) and Sayre et al. (1963a) also 
found that sugar-feeding produced muscles that were rela
tively pale and soft and that fasting and exhaustive exer-
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1 able 1. M ean values fo r  fou r rep lication s fo r “qu ality ” sco res and m easurem en ts fo r each trea tm en t com bin ation  and sign ifican ce of 
r -v a lu e s  and L S D  s.

Antemortem treatment

Chilling Poland China Duroc
Significance of F-value and LSD

Factor (°F) Sugar-fed Untreated Exercised Sugar-fed Untreated Exercised Breed
Antemortem

treatment
Chilling

temperature BxATxCT
“ Q u ality ” sco res 1 L S D 2 L S D 2

C olor
L oin 30 2.2 2.6 3.9 3.0 3.2 3.6

42 1.8 2.6 3.9 2.9 3.0 3.5
* * * ,  0.53 * * *  * *  Q

H am 30 2.0 2.6 4 .4 2.6 3.1 4.0
42 1.5 2 .2 4.1 2.4 3.0 3.9

* * * ,  0.56

F irm n ess
L oin 30 2.0 2.5 3.9 2.8 3.5 4.1

42 1.5 2.5 3.8 2.4 3.1 3.6
* ***, 0.66

H am 30 1.9 2.8 4.2 2 .2 3.1 3.9
42 1.5 2 .2 3.9 2.0 2.6 3.6 ***, 0.65 ***

M arb lin g
L oin 30 1.8 1.5 2.5 3 .2 3.5 3.6 *** **

42 1.2 1.6 2.4 3 .0 3.1 3.2
H am 30 1.2 1.8 2.2 2.5 2.6 3.0 ***

42 1.1 1.6 2.0 2.2 2.4 2.6

G lycogen
(m g  g lu co se /1 0 0  g 

m u scle) 201.43 70.52 10.60 324.96 67.22 142.28 * , 103.66

In itia l p H 6.41 6.65 6.53 6.48 6.60 6.66

24-h r pH 30
42

5.46
5.44

5.62
5.65

6.20
6.18

5.60
5 .59

5.69
5.68

5.91
5.82

* * * ,  0.22

R educing su gar
(m g  g lu co se /1 0 0  g 

m u scle)
30
42

239.13
243.85

129.39
139.97

41.50
44.19

203.14
215.71

136.18
148.82

95.08
97.32 * * * ,6 1 .5 2 *

E th e r  e x tr a c t  ( % ) 30 2.79 2.59 2.85 5.74 6.00 6.06 * * *
42 2.96 2.62 2.82 5.61 5.78 6.26

T o ta l m oisture ( % ) 30 73.46 74.06 74.40 72.00 71.98 72.40

42 73.10 73.95 74.79 71.86 72.30 72.27

R eflectan ce  (Rd) 30 16.6 22.0 27.0 12.3 15.2 17.1 * * * * * *  2.97
42 16.0 21.6 26.6 11.2 14.2 18.1

1 S c o rin g  ran g e from  1—5, 5 in d icatin g  a v ery  firm , d ark , and h igh ly  m arbled  m uscle.
2 L e a s t  sig n ifican t d ifferen ce a t the 5% level.
* , P  <  0.05 ; * * ,  P  <  0 .0 1 ; * * * ,  P  <  0.001.

cise (Briskey et al., 1959a) produced muscles that were 
dark and firm.

Sugar-feeding and exhausting pigs immediately before 
slaughter did not significantly affect the ether extract or 
total moisture of the muscle, but glycogen, 24-hr pH, and 
reducing sugar values were affected by those treatments. 
Glycogen content of muscles from sugar-fed pigs was 
higher (P  <  0.05) than that from untreated or exercised 
pigs. Lewis et al. (1961) and Sayre et al. (1963a) re
ported similar results for PM and LD muscles of sugar- 
fed hogs.

The glycogen value for one Duroc pig that was exercised 
was much higher than values for other pigs in that treat
ment group. If this value were not included in the group, 
the mean of the three other values would be 9.59 mg 
glucose/g muscle tissue, which corresponds to the mean 
value obtained for the Poland China exercised pigs. It, 
then would appear that sugar feeding increased the glyco
gen in the muscle and exhaustive exercise decreased it.

Initial pH values were similar for all antemortem treat

ments. At 24 hr post-mortem, pH was higher (P  <  0.05) 
in muscles of exercised pigs than in those of sugar-fed or 
untreated pigs. Muscle glycogen at the time of death of 
the animal influenced the amount of lactic acid formed in 
the muscle upon chilling the carcass.

Reducing sugar values were higher (P  <  0.05) for 
sugar-fed than for untreated pigs and higher (P  <  0.05) 
for untreated than for exercised pigs. Gardner reflectance 
values for ground tissue dried in the Brabender moisture 
tester were lowest for sugar-fed pigs, and highest for exer
cised pigs (Table 1). This indicated that muscle tissue 
from sugar-fed pigs browned more (P  <  0.05) during 
drying than that from untreated pigs, and muscle tissue 
from untreated pigs browned more (P  <  0.05) than that 
from exercised pigs.

Chilling temperature
Most “quality” scores were affected by chilling tempera

ture. Color scores for hams of both breeds and all ante
mortem treatments, and for loins of Poland China sugar-
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fed and Duroc untreated and exercised pigs chilled at 
42°F were lower (P  <  0.05) than at 30°F. Chilling tem
perature did not affect loin muscle color scores of Poland 
China untreated and exercised and Duroc sugar-fed pigs. 
Firmness scores were lower for both the loin (P  < 0.01) 
and ham muscles (P  <  0.001) when chilled at 42 than at 
30°F. Loin and ham muscles chilled at 42°F received 
lower (P  <  0.01) marbling scores than those chilled at 
32°F.

Chilling carcasses at 30°F resulted in lower (P  < 0.05) 
reducing sugar values than chilling at 42°F. The rate of 
glycolysis may be slowed by the lower tem perature; there
fore, the glucose resulting from glycogen break-down may 
be less in muscles chilled at lower temperatures. Chilling 
temperature did not affect other objective measurements 
(Table 1).
Browning

Gardner R d  (reflectance) values for ground, dried mus
cle were used to measure the degree of browning, and were 
affected (P  < 0.001) by both breed and antemortem treat
ment. Other factors affected (P  <  0.001) by one of those 
variables were 24-hr pFl, reducing sugar, ether extract, 
and total moisture (Table 1). Several statistical methods 
were employed to determine the relationship of the previ
ously mentioned factors to reflectance (degree of brown
ing) of dried muscle samples.

Simple linear and partial correlation coefficients were 
calculated for reflectance v s : 24-hr pH, reducing sugar, 
ether extract, and total moisture (Table 2). Simple corre
lation coefficients indicated that each of those factors was 
moderately related to reflectance values. As total moisture 
and pH increased, reflectance values increased; reflectance 
values decreased as ether extract and reducing sugar 
increased.

Partial correlation coefficients showed significant (P  <  
0 .0 1 ) negative relationships between reflectance values and 
both ether extract and reducing sugar (Table 2). Evi
dently, the apparent simple linear relation between reflec
tance values and either total moisture or pH was being 
produced by ether extract and reducing sugar. This indi
cated that as the reducing sugar and/or ether extract in the 
muscle increased, the degree of browning increased. Pear
son et al. (1962) reported a similar relationship between 
browning and reducing sugar content, but found that ether 
extract was not related to browning.

For further study of the relationship of moisture, pH, 
ether extract, and reducing sugar to degree of browning 
(reflectance), a multiple regression equation with Y =

T a b le  2. S im p le and p a rtia l co rre la tio n  coefficients and stan 
dard p artia l reg ression  coefficients betw een reflectan ce  and selected 
fa c to rs .

Simple
r

Partial
r b'

R e fle c ta n ce  values vs : 
T o ta l  m oistu re ( %) 0.60 * * 0 .08  ns 0.084
p H  (2 4  h r ) 0 .47  * * - 0 . 0 7  ns - 0 . 0 4 9
E th e r  e x tr a c t  ( %  ) - 0 . 5 1  * * - 0 . 4 4  * * - 0 . 5 3 0
R ed u cin g  su gar

(m g /1 0 0  g m u scle) - 0 . 6 4  * * - 0 . 7 3  * * - 0 .7 4 1

**, P<0.01.

reflectance, X! =  total moisture (% ), X 2 =  pH, X 3 =  
ether extract (% ), and X 4 =  reducing sugar (mg/100 g 
muscle) was obtained as follows:

Y =  12.962 +  0.328Xr -  0.916X2 -  1.466X3 
-  0.049X4

Using the modified Doolittle analysis of the factors Xi, 
X2, X 3 , and X 4, and arranging them in order from the 
highest to lowest values of their simple linear correlation 
with Y, it was found that using X 4 alone accounted for 
41.17% of the corrected sum of squares, 2 (y2).

W hen Xj was added to the analysis, an additional reduc
tion of 29.17% of 2 (y2) was obtained. A further reduc
tion of 6 .6 6 % in 2 (y2) was obtained by adding X 3. Each 
of those three reductions was significant (P  <  0.001). 
When X 2 was added, a non-significant reduction of 0.1% 
in 2 (y2) was obtained. The 4 X factors accounted for 
77.1% of the variation of Y (R 2 r i , 2 l 3 , 4  =  0.771), so there 
may be important factors contributing to browning not 
considered in this analysis.

To find the relative strengths of the relation between 
reflectance and the same four factors listed previously, 
standard partial regression coefficients (b ') were calculated 
(Table 2). From the values obtained, it appeared that 
ether extract and reducing sugar were more effective pre
dictors of the degree of browning than pH and total mois
ture, and suggested a reduced analysis of Y using only 
reducing sugar and ether extract.

When X 4 (reducing sugar) and X 3 (ether etract) were 
used to analyze Y, the multiple regression equation w as:

Y =  32.36 -  0.048X4 -  1.670X3
It was found that both X 4 and X 3 contributed significantly 
(P  < 0.001) to the analysis of 2 (y2) and that /34  and /8 3 

were not equal to 0 (t =  10.12 and 8.44, respectively). 
Little was lost by omitting X 4 (moisture) and X 2  (pH ) 
since R 2 r 3 , 4 =  0.769 as compared with R 2V i l 2 l 3 , 4 =  0.771. 
The partial correlation coefficients when only X 3 and X 4 

were used, were: r y 4 3  =  -0 .831 and r v 3 4  =  —0.780 
(P  <  0.001), both of which are larger than the corre
sponding simple r ’s. All statistical treatment of the data 
indicated that reducing sugar and ether extract were the 
most important factors affecting browning. As the amount 
of those two factors increased, browning increased.
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SUMMARY—The Longissimus dorsl muscles from Chester W hite, 
Hampshire and Poland China animals w ere used to establish 
certain d ifferen ces in m etabolic interm ediate patterns betw een 
muscles with " fa s t "  and "s lo w " rates of post-mortem glycolysis. 
M etabolic interm ediate patterns w ere consistent with the 
concept that phosphorylase is the primary control site of post
mortem glycolysis. A denine nucleotide levels appeared  to 
be the primary regulatory factors for phosphorylase. The 
phosphofructokinase and pyruvate kinase enzym es w ere also 
involved in post-mortem glycolytic control. Levels of high- 
en ergy  interm ediates (adenosine triphosphate, phosphocre- 
atine and pyridine nucleotides) w ere much higher in the " 0 "  
hr sam ples of "slow -glyco lyzin g" muscles than in similar 
sam ples from muscles having " fa s t "  rates of post-mortem 
glycolysis. No significant d ifferen ces in levels of lactate or 
glucose w ere observed am ong these th ree groups in blood 
samples taken eith er at or 2 4  hr prior to the time of 
exsanguination.

INTRODUCTION
T h e  r a t e  o f  p o s t - m o r t e m  g l y c o l y s i s  has been found 

to be extremely variable in pig muscle (Briskey, 1963). A 
rapid accumulation of lactic acid post-mortem at near body 
temperature has been shown to be associated with the de
velopment of a pale, soft, exudative condition in striated 
muscle (Briskey, 1964; Briskey et al, 1966). Previous 
studies by Sayre et al. ( 1963a,b) have shown that within

a Present address: Department of Biological Chemistry, Wash
ington University School of Medicine, St. Louis, Missouri.

the strains available, Chester White and Hampshire ani
mals seldom had muscle with rapid post-mortem changes 
while this abnormality occurred frequently in the available 
strain of Poland China animals.

Strain differences within the Poland China breed pro
vided experimental animals for previous studies on the 
regulation of post-mortem glycolysis (Kastenschmidt et al., 
1966; Kastenschmidt, 1966). It appeared that compara
tive studies on post-mortem glycolysis and glycolytic inter
mediate levels in the longissimus dorsi muscle of Chester 
White, Hampshire and Poland China animals would pro
vide useful additional information on the biochemical 
differences between muscles having “fast” and “slow” rates 
of post-mortem glycolysis.

In this study, levels of glycolytic intermediates and co
factors were determined at six post-mortem periods in 
“slow-glycolyzing” muscles from Hampshire and Chester 
W hite animals and compared to levels found in “fast- 
glycolyzing” muscles in Poland China animals at similar 
time periods. Levels of blood lactate and glucose were 
also determined on samples drawn at the time of, or 24 hr 
prior to, exsanguination.

Evidence indicates that “fast-glycolyzing” muscles are in 
a highly anaerobic state prior to or simultaneous with the 
removal of the first sample after death. Accelerated gly
colytic rates in these muscles were apparently the result of 
a coordinated stimulation of the phosphorylase, phospho
fructokinase (P F K ) and pyruvic kinase (P K ) enzymes.
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MATERIALS AND METHODS
Muscle samples

All samples were taken from the longissimus dorsi 
muscles of Sus domesticus animals of the Chester White, 
Hampshire and Poland China breeds. Data from six 
animals of each breed are included in this study. The 
animals were carefully handled and allowed to rest prior 
to exsanguination. Time post-mortem was recorded with 
a stop watch using the beginning of exsanguination as the 
initial post-mortem reference. Samples (2 cm in cross 
section) were removed from the right longissimus dorsi 
muscles beginning at the area of the 4th lumbar vertebra.

The carcasses were held at 4°C and subsequent muscle 
samples were obtained by discarding a 1 cm thick portion 
at the exposed muscle area and immediately excising 2  cm 
cross sections, proceeding anteriorly from the 4th lumbar 
vertebra. The samples were quickly trimmed of excess fat 
and connective tissue and then immediately frozen in liquid 
nitrogen. Samples were taken at “0”, 15, 30, 60, 120 and 
180 min. post-mortem. The “0” samples were excised and 
frozen within approximately 3 min from the beginning of 
exsanguination.

Classification of muscles
Muscles were classified as “fast-glycolyzing,” or “slow- 

glycolyzing” on the basis of the rapidity of their post
mortem change in pH. The pPI values were determined 
on the muscle directly as described by Kastenschmidt et al.
(1966) or on muscle samples homogenized in 5 mm sodium 
iodoacetate as described by Marsh (1952) ; the methods 
gave relatively comparable results.

If the muscle pH had declined to 5.5 or below at 30 min 
post-mortem, it was termed a “fast-glycolyzing” muscle. 
If the pH was 6.0 or higher at 60 min post-mortem, it was 
considered a “slow-glycolyzing” muscle. Muscles from the 
Poland China animals used in this study had “fast” glyco
lytic rates while those from the other two breeds had 
“slow” glycolytic rates according to this classification.

Preparation of muscle extracts
Muscle samples (held at liquid nitrogen temperatures) 

were powdered using a W aring blendor (aluminum can) 
pre-cooled with liquid nitrogen as described by Borchert 
et al. (1965).

The powdered samples were immediately extracted for 
glycolytic intermediates in the following manner : Approxi
mately 1 0  g samples of finely powdered muscle (liquid ni
trogen temperature ) were rapidly stirred into 1 0  ml of 
ice-cold 0.6N  perchloric acid in 50 ml pre-weighed plastic 
centrifuge tubes. The tubes were reweighed and sufficient 
ice-cold perchloric acid solution was added to provide a 
ratio of tissue wt (wet) to extract volume (including 
muscle water) of 1 g :2 ml or 1 g :3 ml. A water content of 
longissimus dorsi of 0.7 ml per g was assumed on the 
basis of previous studies in this laboratory.

The extracts were centrifuged (15,000 X g) for 15 min 
at 0°C and the supernatant solutions were decanted 
through glass wool to remove floating material. The ex
tracts were then carefully neutralized to the methyl orange 
end point with 5M  potassium carbonate. Subsequently, the 
precipitated potassium perchlorate was allowed to settle out 
at 0°C for at least 30 min, after which the analyses for

metabolic intermediates in these extracts were completed 
within 72 hr. The analyses for the more labile intermedi
ates were conducted first and all duplicate determinations 
agreed within 1 0 %.

Separate extracts for inorganic phosphate (P i) were 
prepared in duplicate according to procedures outlined by 
Karpatkin et al. (1964).

Alkaline extracts for reduced nicotinamide-adenine di
nucleotide (N A D II) w'ere also prepared in duplicate by 
methods outlined by Klingenberg (1963a).

Analytical methods
Analyses for glucose-6 -phosphate (G-6 -P ), fructose-6 - 

phosphate (F - 6 -P) ,  glucose-1-phosphate (G -l-P ) and 
glucose were carried out in the same cuvette according to 
the method of Hohorst (1963a). Assays for fructose-1,
6 -diphosphate ( F D P ) ,  g lycera ld eh y d e-3 -p h o sp h ate  
(G A 3P), and dihydroxyacetone p h o s p h a t e  (D H A P ) 
were conducted by procedures outlined by Bucher et al.
(1963). Procedures outlined by Czok et al. (1963) were 
used to determine 3-phosphoglyceric acid (3-PG A ),
2-phosphoglyceric acid (2-PG A ), phosphoenol-pyruvate 
( P E P ) ,  and pyruvate in the same assay. Blood and muscle 
lactate were determined separately by the method of H o
horst (1963b). a-glycerophosphate (a-G P) was deter
mined in another assay by the procedure of Hohorst 
(1963c).

Phosphocreatine was estimated by the method of Lam- 
precht et al. ( 1963).

Total muscle creatine assays were conducted on the di
luted, neutralized perchloric acid extracts by the method 
of Elinor (1953).

Nucleotides were estimated by enzymic techniques de
scribed by Lamprecht et al. (1963) and Adams (1963).

Nicotinamide-adenine dinucleotide ( NAD)  was esti
mated by the method of Klingenberg (1963b). Reduced 
nicotinamide-adenine dinucleotide was estimated by the 
method of Klingenberg (1963a).

Inorganic phosphate was determined by the method of 
W ahler et al. (1958) on neutralized extracts prepared as 
previously outlined by Karpatkin ct al. (1964).

Glycogen was estimated by a modification of the method 
of Pfleiderer (1963) in which GLUCOSTAT kits were 
used to estimate the glucose liberated by acid hydrolysis 
of isolated glycogen.

Assays for blood glucose were also conducted using 
GLUCOSTAT kits.

Chemicals
All chemicals used were of reagent grade. Distilled 

deionized water was used throughout the experiments. 
Enzymes used in the assays were of the highest purity 
from C. F. Boehringer and Sons as supplied by CALBIO- 
CHEM , Los Angeles, California. Purified glycolytic inter
mediates and co-factors were purchased from Sigma 
Chemical Company, St. Louis, Missouri. GLUCOSTAT 
kits were purchased from W orthington Chemical Com
pany, Freehold, New Jersey.

RESULTS
Glycolytic intermediate levels

During the first 60 min post-mortem, the levels of G -l-P ,
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M IN . P O S T - M O R T E M
Fig. 1. Comparisons of concentrations of glycolytic intermedi

ates in muscles from animals of the Poland China, Chester White 
and Hampshire breeds.

The open circles represent means from “fast-glycolyzing” Po
land China muscles. The partially filled circles (Q ) represent means 
from “slow-glycolyzing” Chester White muscles. The closed circles 
represent means from “slow-glycolyzing” Hampshire muscles. De
tails of muscle classification arc given in text.

G -6 -P  and F - 6 - P  ( F ig .  1 A ,C ,E )  w ere  m uch  lo w e r in  
“ s lo w -g ly c o ly z in g ”  m uscles from  both  the F lam p sh ire  and 
C heste r W h ite  an im a ls  than  in  “ fa s t -g ly co ly z in g ”  P o la n d  
C h in a  m uscles.

Levels of intermediates from FD P through P E P  (Fig. 
1B,D,F, 3A,3C, 3E,B.D) were generally higher in “slow- 
glycolyzing” muscles from these breeds.

Nucleotide levels
Initial levels of adenosine triphosphate (A T P ) and 

adenosine diphosphate (ADP)  were about 40% higher and 
adenosine-5'-monophosphate ( AMP )  levels were about 
50% lower in “slow-glycolyzing” muscles from Flampshire 
and Chester White animals than in “fast-glycolyzing” mus
cles from Poland China animals (Fig. 3A,C,E).

Levels of total pyridine nucleotides were highest in Ches
ter White muscles (Fig. 3B,D). While total pyridine nu
cleotide levels declined in “fast-glycolyzing” Poland China 
muscles during the 180 min sampling period, little decline 
was noted in muscles from the animals of the other two 
breeds.
Phosphocreatine and creatine levels

Phosphocreatine (PC)  levels (Fig. 3F) were variable, 
but mean levels in “0” min samples were 3-fold higher in 
Flampshire muscles and 2-fold higher in Chester White 
muscles than in the “fast-glycolyzing” Poland China mus

cle. The post-mortem decline in PC was slowest in 
Chester W hite muscle.

Total creatine levels are shown in Table 1. The differ
ences among the various breeds were not statistically sig
nificant (P  >  .05).

Lactate production
Fig. 2F compares the lactate levels in the musculature 

of the three breeds at six post-mortem periods. Lactate 
levels were much lower in “0 ” min samples of the “slow- 
glycolyzing” muscles from the Hampshire and Chester 
White animals than in similar samples from “fast-glyco
lyzing” muscles of the Poland China animals.

Glycogen metabolism and lactate production
Table 2 summarizes calculations on the recovery of 

glycogen and glycolytic intermediates as lactate. These 
calculations are based on means of the appropriate inter
mediates in the pathway from glucose and glycogen to 
lactic acid. In “slow-glycolyzing” muscles, the glycogen 
and intermediates lost during the first 60 min post-mortem 
could not be accounted for by lactate produced.

Glycogen, glucose and Pi levels
Glycogen levels at “0” min expressed as mM  glucose 

equiv/g tissue (Table 3) were 5-fold higher in Hampshire 
muscles.

Fig. 2. Comparisons of concentrations of glycolytic intermedi
ates in muscles from animals of the Poland China, Chester White 
and Hampshire breeds.

The open circles represent means from “fast-glycolyzing" Po
land China muscles. The partially filled circles (Q ) represent 
means from “slozv-glycolyzing” Chester White muscles. The closed 
circles represent means from “slow-glycolyzing” Hampshire mus
cles. Details of muscle classification are given in text.
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T a b l e  1. M e a n  c r e a t i n e  l e v e ls  a t  d e a t h  i n  m u s c l e s  o f  t h r e e  
b r e e d s  o f  Sus domesticus.

Source 
of muscle1 Total creatine level (M/g)

P o l a n d  C h in a 3 7 .2  ± 0 . 9  ( 5 )  1

H a m p s h i r e 4 2 .3  ±  1 .3  ( 4 )

C h e s t e r  W h i t e 4 1 .9  ±  0 .8  ( 4 )

1 P o l a n d  C h in a  m u s c l e s  h a d  “ f a s t ” g ly c o ly i c  r a t e s  w h i l e  t h e  
o t h e r  t w o  g r o u p s  h a d  “ s lo w ” g l y c o ly z in g  m u s c l e s  a c c o r d i n g  to  t h e  
c l a s s i f i c a t i o n  p r o c e d u r e  d e s c r ib e d  in  t e x t .

2 M e a n s  a r e  e x p r e s s e d  ±  s t a n d a r d  e r r o r  o f  t h e  m e a n .  N u m b e r s  
in  p a r e n t h e s e s  g iv e  n u m b e r  o f  a n i m a l s  s tu d ie d .

Glucose concentrations (Table 3) increased with time 
post-mortem in all muscles studied. Glucose levels were 
highest in “0 ” min samples and also increased most rapidly 
post-mortem in “fast-glycolyzing” Poland China muscles.

Inorganic phosphate levels (Table 3) were all relatively 
low at death in the three groups of muscles. However, 
levels remained at less than 4 mM /g  in the “slow-glyco- 
lyzing” muscles during the first 180 min post-mortem but 
increased to about 11 mM /g  within 60 min post-mortem 
in the “fast-glycolyzing” Poland China muscle.

Blood glucose and lactate levels
Table 4 lists the blood glucose and lactate data for all 

animals represented in this study. Values for blood glu
cose and lactate varied widely and differences were not 
statistically significant (P  > .05). Nevertheless, on the 
basis of ratios of blood lactate/muscle lactate there was 
some indication that animals with “slow-glycolyzing” mus
cles had more lactate in their blood at the time of exsan- 
guination in relation to their muscle lactate than was found 
in animals with “fast glycolyzing” muscles (Cf. blood 
lactate/muscle lactate ratios in Table 4).

DISCUSSION
General considerations

The primary objective of these experiments was to 
measure glycolytic intermediate levels in muscles having 
“fast” and “slow” rates of post-mortem glycolysis and to 
correlate any observed changes in intermediate levels with 
differences in glycolytic rate. Since these studies were

Fig. 3. Comparisons of concentrations of some high energy 
metabolic intermediates in muscles from animals of the Poland 
China, Chester White and Hampshire breeds.

The open circles represent means from “fast-glycolyzing” Po
land China muscles. The partially filled circles (Q ) represent 
means from “slow-glycolyzing’’ Chester White muscles. The closed 
circles represent means from “slozv-glycolysing” Hampshire mus
cles. Details of muscle classification are given in text.

designed to answer basic questions about rapid post
mortem glycolysis, as it occurs in carcasses found in meat 
processing plants, the usual process of exsanguination was 
followed. Undoubtedly, the use of muscle relaxants and/or 
anesthetics would have been helpful in obtaining true rest
ing levels of these metabolites, but it was felt that these 
agents would add unwarranted complications in relating

T a b l e  2 . R e c o v e r y  o f  m e ta b o l i z e d  g ly c o g e n  a n d  g ly c o l y t i c  i n t e r m e d i a t e s  a s  l a c t a t e .

Muscletype
Post

morteminterval1
Changes during interval

Percent Recovery 6Lactate 2 Inter.3 Gly.4
“ S l o w ” “ 0 ”-  60 9. SS - 2 . 8 0 -  8 .45 8 4 .8
H a m p . 6 0 -1 8 0 13.91 9 .S 6 - 2 2 . 5 5 104.1

“ S l o w ” “ 0 ” -  60 3 .8 3 - S . 3 8 .34 7 5 .8
C h . W h . 6 0 - 1 8 0 8 .8 4 6.7S - 1 5 . 2 8 10 8 .2

“ F a s t ” “ 0 ” - 1 8 O 6 2 5 .1 3 - 2 . 4 3 - 2 0 . 6 5 10 8 .9
P o .  C h .

) I n t e r v a l  p o s t - m o r t e m  ( e x p r e s s e d  a s  m i n ) .
2 I n c r e a s e  in  l a c t a t e  d u r i n g  i n t e r v a l  e x p r e s s e d  a s  m M  g l u c o s e  e q u i v / g .
3 I n c r e a s e  o r  d e c r e a s e  i n  le v e l s  o f  g l y c o l y t i c  i n t e r m e d i a t e s  in  t h e  p a t h w a y  f r o m  g ly c o g e n  o r  

g l u c o s e  t o  l a c t a t e ,  e x p r e s s e d  a s  M o le  g l u c o s e  e q u i v / g .
4 G ly c o g e n  e x p r e s s e d  a s  m M  g lu c o s e  e q u i v / g .
6 P e r c e n t a g e s  o f  g ly c o g e n  a n d / o r  i n t e r m e d i a t e s  m e ta b o l i t e s  r e c o v e r e d  a s  l a c t a t e  a n d / o r  

i n t e r m e d i a t e s  a c c u m u la t e d .
“ G l y c o g e n  v a lu e s  w e r e  n o t  d e t e r m i n e d  a t  6 0  m in  p o s t - m o r t e m  in  t h e s e  m u s c l e s ,  h e n c e  p e r 

c e n t  r e c o v e r y  c o u ld  n o t  b e  c a l c u l a t e d  f o r  t h e  “ 0 ” - 6 0  in t e r v a l .
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T a b l e  3. C o m p a r i s o n  o f  p o s t - m o r t e m  le v e l s  o f  g ly c o g e n ,  g l u c o s e  a n d  i n o r g a n i c  p h o s p h a t e  
in  t h e  l o n g i s s i m u s  d o r s i  m u s c l e s  f r o m  t h r e e 1 b r e e d s  o f  Sus domcsticus.

S a m p lin g  t im e  ( m in  p o s t-m o r te m )

“ 0 ” 3 15 30 60 ’ 120 180

G ly c o g e n  3
P o l a n d  C h in a  

H a m p s h i r e
2 3 .0  ±  3 .2  * 

1 0 6 .7  ±  4 .3 9 8 .3  ±  5 .2
.8  ±  .4 

7 5 .8  ±  8 .0
C h e s t e r  W h i t e 35 .1  ±  2 .7 9 5 .4  ± 2 . 3 2 0 .1  ±  3 .4

G lu c o s e  5
P o l a n d  C h in a 3 .3  ±  .2 4 .5  ±  .1 5 .3  ±  .2 5 .9  ±  .1 6 .2  ± .5 6 .8  ±  .3
H a m p s h i r e 1.6  ±  .2 2 .2  ±  .2 2 .3  ±  .2 2 .5  ±  .3 4 .3  ± .6 4 .9  ±  .4
C h e s t e r  W h i t e 2 .3  ±  .2 2.7 ±  .3 2 .9  ±  .3 2 .9  ±  .3 3 .7  ± .4 4 .3  ±  .4

P , 5
P o l a n d  C h in a .8  ±  .5 6 .5  ±  3 .2 9 .5  ±  4 .3 11 .2  ±  5 .0 1 1 .4  ±  5 .4 11 .3  ±  5 .2
H a m p s h i r e , 2 ±  .1 .4  ±  .2 .4  ±  .1 1 .2  ±  .4 .7  ± .3 .9  ±  .3
C h e s t e r  W h i t e .1 ±  .1 .6 ±  .3 1 .4  ±  .7 3 .9  ±  .9 3.1 ± 1.0 3 .9  ±  1.0

1 V a l u e s  b a s e d  o n  s i x  C h e s t e r  W h i t e ,  s i x  H a m p s h i r e  a n d  e i g h t  P o l a n d  C h in a  a n im a l s .  T h e  
f o r m e r  t w o  g r o u p s  h a d  “ s lo w ” g l y c o ly z in g  m u s c l e s  w h i l e  t h e  l a t t e r  g r o u p  h a d  “ f a s t ” g ly c o -  
l y z in g  m u s c l e s  a s  d e s c r ib e d  in  t e s t .

2 S a m p le s  w e r e  r e m o v e d  a s  t h e  a n i m a l s  w e r e  e x s a n g u i n a t e d .
3 G ly c o g e n  e x p r e s s e d  a s  m  g l u c o s e  e q u i v / g .
1 V a l u e s  a r e  g iv e n  a s  t h e  m e a n  ±  s t a n d a r d  e r r o r  o f  t h e  m e a n .
5 E x p r e s s e d  a s  m J i / g .

T a b l e  4. B lo o d  m e t a b o l i t e  d a t a  f r o m  t h r e e  b r e e d s  o f  Sus domcsticus.
M e ta b o li te  le v e ls  in  

th re e  b re e d s

M e ta b o li te  
o r fa c to r

S a m p le
t im e

C h e s te r
W h ite H a m p s h ire

P o la n d
C h in a

L a c t a t e 2 4  h r  a . m . 1 3 6 .8  ±  7 .0 2 3 4 7 .8  ±  7 .7 2 9 .7  ±  7.3

A t  d e a t h 7 6 .1  ±  10.1 6 6 .4  ±  11 .3 1 0 2 .7  ±  1 9 .4

G lu c o s e 2 4  h r  a .m . 5 4 .6  ±  3 .8 5 4 .9  ±  2.1 5 2 .5  ±  1 .7

B lo o d  l a c t . 4

A t  d e a t h 5 6 .5  ±  2 .4 5 7 .5  ±  4 .2 5 6 .8  ±  5 .9

M u s c le  l a c t . 0 .2 5 2 0 .2 8 9 0 .2 0 8

1 S a m p le  t a k e n  2 4  h r  a n t e - m o r t e m .
2 M e a n  v a lu e  ( m g / 1 0 0  g  b l o o d )  ±  s t a n d a r d  e r r o r  o f  t h e  m e a n .
3 M e a n  v a lu e s  b a s e d  o n  s i x  C h e s t e r  W h i t e ,  s i x  H a m p s h i r e  a n d  e i g h t  P o l a n d  C h in a  a n im a l s .  

T h e  f o r m e r  t w o  g r o u p s  h a d  “ s lo w ”  g l y c o l y z i n g  m u s c l e s  w h i l e  r h e  l a t t e r  g r o u p  h a d  “ f a s t ” 
g l y c o l y z i n g  m u s c l e s  a s  d e s c r i b e d  in  t e s t .

1 C a l c u l a t e d  f r o m  d a t a  e x p r e s s e d  a s  m M / g  t i s s u e .

T a b l e  S. M a s s  a c t i o n  r a t i o s  c a l c u l a t e d  f r o m  “ z e r o ”  h o u r  d a t a  o n  m e ta b o l i c  i n t e r m e d i a t e s  in  
m u s c l e s  o f  t h r e e  b r e e d s  o f  Sus domcsticus.

M a s s  a c t io n  ra t io s  
in  m u s c le  c f  th re e  b re e d s 3

R e a c t io n 1

A p p a r e n t
e q u i l ib r iu m

c o n s ta n t2
C h e s te r
W h ite H a m p s h ire

P o la n d
C h in a

P G M 5 .5  x  10"2 5 .7  x  IO '2 5 .9  X  10 = 5 .3  X  1 0 '2

P G I 0 .2 8  -  .41 0 .1 6 0 .1 7 0 .2 0

P F K 1 - 1 .2  X  10” 0 .2 6 0 .1 0 0 .2 6

A L D 0 .7 -1 .3  X  10"4 0 .0 0 4 0 .0 0 1 0 .001

T P I 0 .0 4  -  0 .05 0 .2 4 0 .1 4 0 .1 2

A L D  X  T P I  
G A P D H

4 - 6 .5  X  10“3 1 X  IO '3 1 .9  X  1 0 * 1 .6  X  10-4

X  P G K 2 - 1 5  X  102 1 .5 0  X  102 9 .7 7  X  102 3 .3 8  x  102

P G l y M 0 . 1 0 - 0 . 1 8 0 .1 4 0 .1 8 0 .1 4

E N O L 2 .8  -  6 .3 1 .4 1.5 1.3

P K 2 - 2 0  X  103 2 6 .7 4 5 .4 5 9 .6

1 K e y  to  a b b r e v i a t i o n s  is  l i s t e d  in  f o o tn o t e .
2 B a s e d  o n  v a lu e s  o f  M i n a k a m i  et al. ( 1 9 6 6 )  a n d  W i l l i a m s o n  ( 1 9 6 5 ) .
3 V a l u e s  b a s e d  o n  s i x  C h e s t e r  W h i t e ,  s i x  H a m p s h i r e  a n d  e i g h t  P o l a n d  C h in a  a n im a l s .  T h e  

f o r m e r  t w o  g r o u p s  h a d  “ s l o w ” g l y c o ly z in g  m u s c l e s  w h i l e  t h e  l a t t e r  g r o u p  h a d  “ f a s t ” g ly c o ly z in g  
m u s c l e s  a s  d e s c r i b e d  in  t e x t .
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the results of these experiments to the problem as it usually 
occurs.

Throughout all of these interpretations, the assumption 
has been made that both “fast- and slow-glycolyzing” mus
cles have similar levels of all glycolytic enzymes. This is 
supported by the studies of Sayre et al. (1963a) who 
reported similar levels of both P F K  and phosphorylase in 
muscles having varying rates of post-mortem glycolysis.

H ig h  e n e rg y  com pounds
The higher levels of A T P and PC found in “slow-glyco

lyzing” muscles suggest either a lower rate of A T P break
down in these muscles or more efficient maintenance of 
their energy levels. From these data, it is impossible to 
estimate the rate of A TP turnover in the period of time 
immediately prior to exsanguination ; yet there is no reason 
to expect any group would have a lower rate of ATP 
breakdown as all animals were allowed to rest prior to 
exsanguination.

When it became apparent that “slow-glycolyzing” mus
cles had much higher levels of A T P and PC, it was decided 
to study the total creatine levels in these muscles. It is 
known that creatine can be lost from muscle during various 
myopathies (Vignos et al., 1963) and since the equilibrium 
of the creatine phosphokinase reaction is such that there is 
about twice as much total creatine as PC in resting muscle, 
a difference in total creatine would be expected to affect 
the level of PC. Data in Table 1 show that there was no 
significant difference in total creatine levels between the 
various groups. Therefore, at least in regard to creatine 
metabolism, there is ample creatine for phosphorylation 
and the differences in PC levels are probably the result of 
other factors such as available A T P for phosphocreatine 
synthesis.

A possible explanation for the lower A T P  levels in 
these “fast-glycolyzing” muscles is that these muscles are 
in an oxygen deficient anaerobic state already prior to or 
simultaneous with exsanguination and that anaerobic gly
colysis is unable to maintain the A T P  levels. Support for 
this concept is presented in the next section.

L a c ta te  m e tab o lism
Lactate levels in “0” min samples from “slow-glycolyz

ing” muscles from both Hampshire and Chester White 
animals were much lower than those found in “fast- 
glycolyzing” muscles from Poland China animals. This 
difference cannot be due to a difference in sampling time in 
the initial samples because the average time from the be
ginning of exsanguination to freezing was 3.3, 2.6 and 2.9 
min for the Chester White, Hampshire and Poland China 
groups, respectively.

The lower lactate levels in “0” min samples of “slow- 
glycolyzing” Hampshire and Chester W hite muscles is in 
agreement with results obtained with “slow-glycolyzing” 
Poland China muscles of a previous study (Kastenschmidt 
et al.. 1966). Since lactate levels in “0” min samples from 
the Hampshire and Chester W hite muscles in the present 
study were even lower than those found in “slow-glycolyz
ing” Poland China muscles, it appears that low “0” min 
muscle lactate levels are a characteristic of muscles which 
have “slow" rates of post-mortem glycolysis. It is likely 
that muscles which eventually have “fast” post-mortem

glycolysis are in an oxygen deficient, anaerobic state prior 
to the time of exsanguination.

The higher levels of blood lactate at death tend to sup
port this idea. Furthermore, as shown in Table 4, if one 
calculates the ratio of blood lactate to muscle lactate, higher 
ratios are observed in Chester White and Hampshire ani
mals than in Poland China animals.

This might be interpreted to indicate more efficient 
removal of lactate or superior blood circulation in the 
Chester White and Hampshire animals immediately prior 
to exsanguination. Alpert (1965) studied blood lactate in 
connection with oxygen debt in muscle and stressed that 
blood lactate is not necessarily related to redox conditions 
within the muscle. Further studies are necessary to estab
lish whether or not there is a relative lack of circulation 
in some Poland China muscles.

Results from calculations of recovery of glycogen and 
glycolytic intermediates as lactate reported in Table 4 also 
support the conclusion that “fast-glycolyzing” muscles are 
anaerobic already at the time of exsanguination since gly
cogen metabolized is recovered nearly quantitatively as 
lactate formed. Conversely, during the first 60 min post
mortem in the “slow-glycolyzing” muscles recovery of 
glycogen and intermediates metabolized as lactate was 
lower presumably due to metabolism of some glycogen to 
COo. This latter assumption is difficult to reconcile with 
the relatively low oxygen storage capacity of muscle. 
Further, direct studies are needed to clarify this point, 
although a similar observation has been made with “slow- 
glvcolyzing” Poland China muscle (Kastenschmidt, 1966).

Possib le s ites o f  p o s t-m o rte m  g ly c o ly t ic  c o n tro l
Phosphorylase. The “slow-glycolyzing” muscles from 

Hampshire and Chester W hite animals had markedly 
lower levels of G -l-P , G-6 -P and F -6 -P during the first 
60 min of post-mortem glycolysis than found in the “fast- 
glycolyzing” Poland China muscles. These data add sup
port to the concept that increased phosphorylase activity 
in “fast-glycolyzing” muscles is responsible in large part 
for the accelerated glycolytic rate.

Apparently adenine nucleotide levels play a large part 
in the regulation of phosphorylase activity in these muscles. 
It has been shown (Morgan et al., 1964a,b,c) that both 
A T P and G-6 -P counteract the activating influences of 
AM P and P, on phosphorylase. ADP can also counteract 
these influences (Haugaard ct al., 1965). On this basis, 
the 40% higher A T P and ADP levels in “slow-glycolyz
ing” Chester W hite and Hampshire muscle combined with 
an approximate 50% lower level of AM P appear to explain 
the obvious decrease in phosphorylase activity and reduced 
rate of glycolysis in these muscles.

Inorganic phosphate levels (Table 3) remained at a 
lower level in these “slow-glycolyzing” muscles which 
would aid in controlling the phosphorylase as well as the 
P F K  enzyme activity. Since little difference in mean “0” 
min Pi levels could be detected among these three groups, 
it seems reasonable that adenine nucleotide levels are 
relatively more important than Pi for control at the phos
phorylase step.

In all cases in the present study, levels of the hexose 
monophosphates tended to decrease during the first 60 min 
post-mortem and to increase thereafter. This effect was
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especially prominent in the “slow-glycolyzing” muscles 
from the Hampshire and Chester W hite animals even 
though lactate production continued at a nearly linear rate 
(see Fig. 2 F ) .

This observation might be rationalized in the following 
m anner: During initial post-mortem perods, phosphorylase 
a would be responsible for increased levels of hexose phos
phates but if, as seen by Krause et al. (1965), phos
phorylase a activity rapidly declines post-mortem, then 
production of G -l-P  is not rapid enough to maintain these 
high levels because the activity of phosphorylase b is still 
subject to the inhibition of A T P  and ADP. It is seen later 
that G -l-P  and the other hexose phosphates increase in 
“slow-glycolyzing” muscles which indicates that during 
these periods phosphorylase activity is more than adequate 
to meet the demands which glycolysis would place on this 
enzyme.

Phosphofructokinase. It appears that some control of 
glycolytic flux was also exerted at the P F K  step in “fast- 
glycolyzing” muscles when one considers the relationship 
between the levels of F-6 -P  and FD P in these muscles. 
F-6 -P levels were higher in these “fast-glycolyzing” mus
cles and they also contained proportionately less FD P than 
did the “slow-glycolyzing” muscles, which also suggests 
control at this site (Cf. Fig. IB, E ). Activated phos
phorylase thus appeared to increase hexose monophosphate 
levels in “fast-glycolyzing” muscles after which they were 
subjected to an apparent control by the P F K  enzyme.

Indications of glycolytic control at the P F K  enzyme 
were not, however, as clear in the case of “slow-glycolyz
ing” Chester W hite and Hampshire muscles since changes 
in levels of F-6 -P  and FD P were nearly parallel during 
the first 60 min post-mortem. Nevertheless, during the 
period 60-180 min post-mortem there was a relative 
increase in F-6 -P compared to FDP. This latter phenome
non may be due to the decreasing muscle pH and the 
resultant partial inactivation of the P F K  enzyme.

Pyruvic kinase. In general, levels of intermediates in 
the glycolytic scheme from FD P through P E P  were higher 
in “slow-glycolyzing” Chester White and Hampshire mus
cles than from “fast-glycolyzing” Poland China muscles. 
This would suggest that control at the PK  enzyme was 
involved in these reactions. However, during the first 
15 min post-mortem, some control appeared to be exerted 
at the glyceraldehyde3-phosphate (G A PD H ) and phos- 
phoglycerate kinase (P G K ) steps because levels of GA3P 
were high relative to 3-PGA and other intermediates 
downstream. Control at the latter site may be due to the 
low levels of IJi observed in these muscles. Nevertheless, 
control at the PK  step appeared to be most important in 
maintaining levels of the intermediates from FD P through 
P E P  since it can be observed that changes in P E P  were 
roughly paralleled by changes in FD P, GA3P, DHA P,
3-PGA and 2-PGA.

It is known (Lowry et al., 1964) that A T P  can inhibit 
PK, therefore it is probable that the higher A T P  levels in 
“slow-glycolyzing” muscles are responsible for partial con
trol at this site. Additional support for control at the PK 
steps is afforded by a consideration of mass action ratios 
calculated from means of the appropriate intermediates 
in “0” min samples. Steps which operate far from equi

librium are potential control sites because there is a con
siderable loss of free energy.

Data in Table 5 show that the P K  step operates far from 
equilibrium while the GAPDH X  PGK, phosphoglycerate 
mutase (PGlyM ) and enolase (E N O L ) steps operate at or 
near equilibrium. The aldolase (A LD ) and triosephos- 
phate isomerase (T P I)  steps operate somewhat displaced 
from equilibrium. Thus, it seems reasonable on this basis 
that the PK  step is important in regulating levels of the 
intermediates from F D P  through P E P . Additional evi
dence for control at the P F K  enzyme is also given by the 
large displacement of the P F K  step from equilibrium.

Cessation of post-mortem glycolysis. As shown in Figs. 
1 and 2 , lactate production ceased in “fast-glycolyzing” 
muscles in the presence of residual glycogen (Table 3), 
G -l-P , G-6 -P and F-6 -P. Levels of intermediates subse
quent to F-6 -P in the glycolytic scheme were very low, 
suggesting that the inactivation of glycolysis post-mortem 
was at the P F K  site and was probably the result of de
creased pH. G -l-P  did not accumulate in “fast-glycolyz
ing” muscles after 30 min post-mortem. This could indicate 
that phosphorylase was also inactivated by the decreasing 
pH (Helmreich et al., 1964) although G -l-P  levels were 
certainly adequate to support glycolysis. Therefore it is 
suggested that the primary inhibition of post-mortem 
glycolysis is at the P F K  site.
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U I - 0 0 2 6 6 - 0 9  f r o m  t h e  N a t i o n a l  C e n t e r  f o r  U r b a n  a n d  I n d u s t r i a l  
H e a l t h ,  b y  t h e  R e s e a r c h  C o m m i t t e e  o f  t h e  G r a d u a t e  S c h o o l  f r o m  
f u n d s  s u p p l ie d  b y  t h e  W i s c o n s i n  A l u m n i  R e s e a r c h  F o u n d a t i o n  a n d  
b y  a  s p e c ia l  r e s e a r c h  g r a n t  f r o m  t h e  A m e r i c a n  M e a t  I n s t i t u t e  
F o u n d a t io n .

D e p a r t m e n t  o f  M e a t  a n d  A n i m a l  S c ie n c e  M a n u s c r i p t  N o .  4 9 0 .
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The Non-Saponifiable Constituents of Lettuce
SUMMARY—By means of thin-layer chromatography, gas-liquid 
chromatography and chemical analyses the following sub
stances were  identified in dried Iceberg lettuce (Lactuca sa
liva  L .) :  ceryl alcohol, /3-sitosterol, stigmasterol, campesterol 
and the glycosides of the latter three sterols. An unidentified 
substance, probably a sterol, was detected by gas-liquid 
chromatography. A mixture of triterpenes identified as co n 
taining /3-amyrm, n-amyrin and i/Yaraxasterol was also found.

I N T R O D U C T IO N
D u r i n g  t h e  c o u r s e  o f  e x p e r i m e n t s  designed to de

termine the subcellular site of sterol biosynthesis in higher 
plants it became necessary to identify the sterols in the 
plant tissues used in our preliminary investigations (Nich
olas et al., 1965). The only non-saponifiable constituent 
previously identified in lettuce has been ceryl alcohol 
(Ichiba, 1937). Nichols (1963) has identified 19 lipid 
components in lettuce, included in which were sterols, 
sterol esters and sterol glycosides. The identity of the 
sterols, however, was not determined.

Crosby (1963) has emphasized in an excellent review 
how cursory our knowledge is of the lipid constituents of 
many foodstuffs, including lettuce. For these and other 
reasons a detailed analysis has been made of the non- 
saponifiable constituents of Iceberg lettuce, using the 
combined techniques of thin-layer chromatography, gas- 
liquid chromatography and classical chemical analyses.

M AT ER IAL S A N D  M E T H O D S
R eagents and ch em ica ls

All solvents were A.R. grade, distilled before use, except 
the ethanol used in the initial extraction which was com
mercial grade, used as received. The alumina was Merck, 
acid-washed. The petroleum ether had a boiling range of 
30-60°C.

T h in - la y e r  c h ro m a to g ra p h y
Glass plates 20 X  20 cm coated with 0.25 mm of Silica 

Gel G (Brinkmann Instrument Co., Westbury, N. Y.) 
were heated for 1 hr at 100-120°C before use. The devel
oping solvent (ascending) was benzene-petroleum ether 
(bp 30-60°C) -ethyl acetate (75:24:1, v /v /v ).

After development the plates were sprayed with 20% 
antimony pentachloride in chloroform and heated briefly 
at 100°C to intensify the spot colors. Under these condi
tions the C2 9  plant sterols and many neutral C3 0  penta- 
cyclic triterpenes separate well with Rf’s of approximately 
0.07 and 0.13 respectively. In  the following text thin-layer 
chromatography will be referred to as TLC.

G as-liq u id  c h ro m a to g ra p h y
Gas-liquid chromatography (GLC) was performed on a 

Barber-Colman gas chromatograph, model 5000, equipped 
with a hydrogen flame ionization detector. Isothermal 
operation was used exclusively. The separations were

accomplished on a 6 -ft glass column, inside diameter 5 mm, 
containing a packing of 3% SE-30 on 100/120 mesh Gas 
Chrom Q (Applied Science Laboratories, Inc.). The col
umn was conditioned for 48 hr at 285 °C with the carrier 
gas flowing. The carrier gas was argon, with a flow rate 
of 40 ml/min, inlet pressure 24 psi. The temperatures 
were as follows: column—225°C, detector—260°C, flash 
heater—290 °C.

Samples were injected in benzene using a Hamilton 
microliter syringe equipped with a Chaney adaptor. Re
tention times of the sample peaks were compared with 
those of known material. Reference samples were obtained 
as follows: campesterol—kindly provided by Dr. A. Kuk- 
sis : stigmasterol—commercially purchased ; /3-sitosterol— 
obtained in this laboratory from dried peas (Baisted e t  al.,
1962).

P re p a ra tio n  o f  n o n -sa p o n if ia b le  fra c tio n s
Four hundred pounds of Iceberg lettuce were dried in a 

warm room ventilated with a current of air. In a typical 
experiment 4.5 kg of dry lettuce was obtained from 400 lb 
of fresh product. The dried material was ground to a 
coarse powder and extracted exhaustively with absolute 
ethanol. The extracts were concentrated by distillation at 
atmospheric pressure to low volume, and then adjusted to 
approximately 1:1 ethanol-HoO with 15% KO H  (weight 
per volume).

The mixture was refluxed 1 hr, cooled, and extracted 
thoroughly with petroleum ether. The alkaline fraction 
was then thoroughly extracted with ethyl ether. Extrac
tion first with petroleum ether and then with ethyl ether 
has been found to eliminate emulsification frequently en
countered in extracting saponified plant extracts. Both 
organic phases were washed with H 20  and distilled to 
remove solvent. The residue, containing considerable H 2 0 , 
was filtered through paper and the filtrate extracted 
thoroughly with ethyl ether, the latter then washed with 
H 20  and distilled. All petroleum ether and ethyl ether 
extractable material was combined and freed of traces of 
solvent in v a c u o ,  yielding 113 g of orange waxy material.

C rude fra c tio n a tio n  o f  n o n -sa p o n if ia b le  e x tra c ts  on a lu m in a
The 113 g of non-saponifiable material was dissolved in 

petroleum ether and slurried onto a 9.0 cm diameter 
column containing 2,270 g of alumina. The column was 
then washed with petroleum ether until no more material 
was eluted. This procedure required approximately 12 L 
of solvent. The combined eluates on distillation yielded
1.5 g of lightly colored crystalline, waxy solid. The nature 
of this material is currently under study.

The column was then washed with 1:1 acetone-ethyl 
ether until no more solid was eluted. Distillation of the 
eluates left 8 6  g of orange, waxy product called “ Sterol- 
Triterpene” fraction. Continued washing of the column 
with absolute ethanol in 4 L fractions gave 12 g of dark
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gummy material in Fractions 1 to 16 from which no identi
fiable product could be obtained. I t was eventually dis
carded. Fractions 17 to 23 yielded 1.2 g of white solid 
which was examined as the “ Sterol Glycoside” fraction.

RESULTS
F u rth e r  e x a m in a tio n  o f  th e  “ s te ro l- t r ite rp e n e ”  fra c tio n

The acetone-ethyl ether eluate (50 g ), incompletely 
soluble in petroleum ether, was slurried in the solvent 
onto a 5 cm diameter column containing 1,816 g of alu
mina. Eight 2000 ml fractions of petroleum ether were 
collected. Distillation of each left traces of yellow waxy 
material diminishing in quantity to less than 50 mg in 
Fraction 8 . They were not further examined. The column 
was then washed with 500 ml fractions of benzene. A total 
of 156 fractions were collected. Distillation of the benzene 
left residues which were examined by TLC, the results of 
which are given below.

Fractions 1 to 8. A total of 10.0 g of red wax was ob
tained, with only traces in Fractions 1, 2 and 7. At least 
11 components in Fractions 1 and 8 , and in 2 to 4 were 
indicated by TLC. Fractions 5 to 7 consisted largely of 
triterpenes (brown stain with SbCl8). Because of the 
complexity of these fractions they were not further exam
ined at this time.

Fractions 9 to 20. In these fractions 5.0 g of fragrant 
orange wax was obtained. TLC indicated that the major 
constituent, staining brown with SbCl5, was a triterpene.

Fractions 21 to 30. These fractions yielded 8.3 g of 
yellow solid. TLC indicated a triterpene staining purple 
with SbCls.

Fractions 31 to 50. A total of 7.5 g of yellow solid was 
recovered. TLC indicated two triterpenes close in R f, one 
staining purple and the other brown with SbCls.

Fractions 51 to 156. From these fractions 17.6 g of 
orange wax were recovered. TLC indicated a single sterol 
staining brown with SbCl5. The total recovery from this 
column was 97%.
Is o la tio n  o f  ce ry l a lcoho l

Fractions 9 to 20 of the chromatographed “ Sterol- 
Triterpene” fraction after two crystallizations from acetone 
yielded 4.5 g of white granules, mp 78-79°C, not raised 
by repeated crystallizations from the same solvent; no 
optical rotation in CHC13. There was no melting point 
depression on admixture with authentic ceryl alcohol.

An acetate, mp 61-62°C was prepared in the usual 
manner from this material. Since these constants are 
identical to those of ceryl alcohol previously isolated from 
lettuce by Ichiba (1937), it was not further examined. 
The filtrates on evaporation yielded an orange gum from 
which no crystalline product could be obtained from 
acetone or ethanol. A triterpene was indicated, however, 
by TLC.

FUR TH ER  E X A M I N A T I O N  OF TRITERPENE 
F RA CT IO N S

Fractions from chromatography of the “Sterol-Triter- 
pene” mixture which contained triterpenes according to 
TLC (Fractions 9 to 20, 21 to 30 and 31 to 50) were 
freed of as much ceryl alcohol as possible by crystallization 
from acetone. The filtrates were accordingly enriched in 
triterpene as indicated by TLC. Two additional passages

of the filtrate material through alumina columns (contain
ing ratios of 1 : 1 0 0  of product to adsorbent) failed to 
effect resolution of the mixtures, based on preparation of 
acetates and benzoates, and as measured by TLC and GLC.

All of the filtrate products were combined, giving 11 g 
of light-colored solid melting at 150°. This was dis
solved in 50 ml of benzene and poured onto a 50 cm 
diameter column containing 1,830 g of alumina. Fifty- 
seven 50 ml fractions of benzene were collected followed 
by three fractions of 2 0  percent anhydrous ethyl ether in 
benzene (500 ml each), then nine fractions (500 ml each) 
of anhydrous ethyl ether. The column was then discarded.

D e te c tio n  o f  a - and / j-a m y r in
Fractions 5 to 10, eluted with benzene only, consisted 

of 2.5 g of white, crystalline solid. Only negligible traces 
of solid were eluted in the ether benzene fractions. TLC 
showed the presence of a terpene having an Rf of /?-amyrin 
(brownish-purple color with SbCl8 on heating) and an 
additional product considerably less polar (R f 0.41; same 
color as /3-amyrin with SbCl5). This product is believed 
to be a triterpene which has yet to be identified. Repeated 
crystallization from m eth y len e  chloride-ethanol gave 
n eed le s  m.p. 208-212°; yield 0.58 g ; [a]2»’ +  41.8° 
(CHC1S).

GLC indicated the presence of /3-amyrin, a-amyrin and 
a product subsequently identified as «/-taraxasterol in the 
proportions 41.6:17.5:40.9, (retention times of 13.9, 16.1 
and 19.5 min respectively). An acetate was prepared by 
refluxing 0.25 g in anhydrous pyridine and acetic anhy
dride, with processing in the usual manner. Repeated 
crystallization from methylene chloride-ethanol or acetone 
gave needles, mp. 230-235°C; [a]2°° +  52.0° (CHC13).

GLC indicated the presence of /3-amyrin acetate (78.3%) 
and i//-taraxasterol acetate (21.7%), a-amyrin acetate hav
ing been removed by crystallization of the acetylated 
product. No further resolution was effected by additional 
crystallization from a wide variety of solvents. These 
constants, for both free and acetylated product, are believed 
to be consistent with a product containing /3-amyrin and 
taraxasterol.

D e te c tio n  o f  7- ta ra x a s te ro l
No solid was eluted from the column (See “Further 

Examination of Triterpene Fractions” ) with 20% ethyl 
ether in benzene. Fraction 1 gave 0.5 g of colorless vis
cous oil, while fractions 2 and 3 yielded 1.0 g of white 
wax. The presence of a triterpene was indicated by 
TLC in each of these fractions, but no further examina
tion was made at this time. Fractions 4 and 5 yielded
7.0 g of white solid in which GLC indicated the presence 
of 23.5% /3-amyrin, 13.6% a-amyrin and 62.9% of the 
third product found in fractions 5 to 10 eluted with 
benzene.

An acetate was prepared from the 7 g of product by 
refluxing in anhydrous pyridine and acetic anhydride, with 
processing in the usual manner. Crystallization to constant 
melting point from acetone, acetone-ethanol and methylene 
chloride-ethanol gave microcrystals, mp. 235-237° ; yield
5.3 g.

Anal., Calc, for C3 2 H 8 2 0 2 : C, 81.97; H , 11.19 
Found: C, 82.01; H , 11.20
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T a b l e  1. M e l t i n g  p o in t s  a n d  o p t i c a l  r o t a t i o n s  o f  s o m e  t r i t e r p e n e s  f r o m  c o m p o s i ta e .

- - - F re e  c o m p o u n d  - —  A c e ta te

C o m p o u n d m .p .° [<x] d° m .p .° [< x ]n °

a - a m y r i n  1 186 +  8 3 .5 2 2 5 -2 2 6 +  7 9  ( b e n z e n e )
/3 - a m y r in  1 

U n k n o w n  ( f r o m

1 9 7 -1 9 7 .5

2 1 9 -2 2 0

+  8 8 .4  

+  3 7 .8 2 3 5 -2 3 7 +  5 1 .7
I c e b e r g  l e t t u c e )  

y - t a r a x a s t e r o l  ” 2 1 8 -2 1 9 +  4 8 2 3 7 -2 3 9 +  53

T a r a x a s t e r o l  3 2 2 4 .5 +  97 2 5 6 -2 5 7  ( h i g h  v a c . ) +  97

T a r a x e r o l  1 2 6 9 -2 7 1 +  3.1 2 9 6 -2 9 7 +  8 .4

T a r a x o l 6

2 8 2 -2 8 3  ( h i g h  v a c . )  

3 6 0 +  7 8 .6 2 9 9 -3 0 1  ( e v a c .  t u b e ) +  9 3 .9

A l l  r o t a t i o n s  u n l e s s  o t h e r w i s e  i n d i c a t e d  w e r e  o b t a i n e d  in  c h l o r o f o r m  a t  t e m p e r a t u r e s  ( n o t  
r e c o r d e d )  r a n g i n g  f r o m  17  t o  2 0 ° .

1 S e e  P o l l o c k ,  19 6 5 , p a g e  2 28 .
- S e e  R a d t ,  19 5 2 , p a g e  1161 . 4 S e e  R a d t ,  1 9 5 2 , p a g e  1 190s.
3 S e e  R a d t ,  19 5 2 , p a g e  1 1 5 9 s . 5 S e e  R a d t ,  19 5 2 , p a g e  1 9 16s.

On GLC the product gave a large peak and a small peak 
having the retention time of /3-amyrin acetate which rep
resented less than 2 % of the product.

Saponification of 2.5 g of the acetate by reflux in 10% 
K OH in ethanol yielded a white solid on processing. Upon 
crystallization to constant melting point from methylene 
chloride-ethanol, needles were obtained, mp. 219-220°C; 
[aji’f  + 37.61° (CHCls).

Anal., Calc, for C3 oHgoO : C, 84.43 ; H, 11.82.
Found: C, 84.49; H, 11.79.

The compound exhibited a single peak on GLC.
Treatment of the free triterpene (0.12 g) with benzoyl 

chloride and anhydrous pyridine yielded a benzoate, crys
tallized to constant mp. from methylene chloride-ethanol, 
mp. 286-288°C ; [a]2̂  +  67.0° (CHCls). Simonsen et 
al. (1951) gave mp. 288-289°C; [a ]D +  6 8 ° (benzene) 
for i+taraxasterol benzoate.

The melting points and rotations (for free compound 
and their acetates) of several compounds isolated from 
members of the Compositae family, of which lettuce is a 
member, are given in Table 1. It seems certain from 
these data that our unknown is i/Uaraxasterol, although no 
authentic reference compound was available for com
parison.

Although the optical rotation of our free i/<~taraxasterol 
is approximately 1 0 ° less than reported for this compound 
in the literature, we are inclined to believe that our value 
is correct since on GLC only a single peak was given.

E X A M I N A T I O N  OF “ STEROL” F RA CT IO N S
F r a c t i o n s  51 t o  156 o b t a i n e d  by rechromatography of 

the original “ Sterol-Triterpene” fraction (see “Further 
Examination of Sterol-Triterpene Fraction” ) were crys
tallized to constant melting point from acetone and ace
tone-methanol giving white n ee d le s , mp. 158-160°C; 
[ “ ] 2d °  “ 35.82° (CHCls). An acetate, prepared in the 
usual manner from acetic anhydride and anhydrous pyri
dine, on crystallization to constant mp. from acetone or 
acetone-methanol, gave white needles, mp. 135-137°C; 
[ a ] 2D°° “ 35.42° (CHCls).

A benzoate was prepared in the usual manner from 
benzoyl chloride and anhydrous pyridine. Crystallization 
to constant melting point from acetone and methylene 
chloride-ethanol gave rectangular plates, mp. 148-149.5°C;

no optical rotation in CHCI3 . Gas-liquid chromatography 
of the free compound showed peaks having the retention 
time of )3-sitosterol (55.7%), stigmasterol (35.2%), cam- 
pesterol (9.1%) and a trace of an unidentified component
(Fig. 1).

Is o la tio n  o f  s tig m a s te ro l ac e ta te  te tra b ro m id e
Sterol acetate (4.2 g) in 70 ml of anhydrous ethyl ether 

was cooled in an ice-bath, after which 90 ml of 1 :5 mix
ture of bromine-glacial acetic acid was added with stirring, 
over a period of 3 hr. After standing overnight the mixture 
was filtered. The precipitate was washed with a small 
amount of ethyl ether, yielding 1 g of white solid. This 
was crystallized to constant melting point from chloroform- 
ethanol, giving 0.3 g of white crystals, mp. 207-209°C 
(dec.), undepressed on admixture with stigmasteryl ace
tate tetrabrom ide; M p°°—36.0° (CHCls). The melting 
point and optical rotation for stigmastryl acetate tetra
bromide have been given as 210°C (dec.) ; [a] Y, “ 39.4 
(Radt, 1952, p. 1901s).

Anal., Calc, for CsiHsoOoBri: C, 48.06: H, 6.51: B r :
41.30

F ound: Br, 41.00
An additional quantity (1.5 g) of acetate tetrabromide 
(mp. 205-206°) was recovered from the filtrates.

Fig. 1. Gas-liquid chromatography of the sterol mixture from
L ac tu ca  sa tiv a  L. See Experimental Section for GLC details.
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E x a m in a tio n  o f  f i l t ra te s  f ro m  p re p a ra tio n  o f  s tig m a s te ry l 
ac e ta te  te tra b ro m id e

After removal of stigmasteryl acetate tetrabromide the 
combined filtrates were freed of solvent, then debromi- 
nated according to the method of Bloch et al. (1958). The 
debrominated product was saponified with alcoholic KOH. 
On crystallization to constant melting point from acetone- 
methanol, white crystals were obtained, nip. 138-140°C. 
An acetate prepared from acetic anhydride and anhydrous 
pyridine in the usual manner gave needles, mp. 126-128°C 
after several crystallizations from acetone-methanol. The 
melting points of /3-sitosterol and /3-sitosteryl acetate are 
given as 140-141° and 126-128°C respectively (Nicholas,
1961). GLC indicated that the product was 95% /3-sitos
terol.

E X A M I N A T I O N  OF T H E  “ STEROL GLYC OSIDE” 
F R A C T IO N

The product was crystallized to a “constant” nip. of 
292-294° (dark red melt) from either a considerable excess 
of ethanol or benzene-ethanol mixtures, and aqueous pyri
d ine; [%]2d “ 30.0° (pyridine). From other batches of 
lettuce products mp of 282-283°C and 295-298°C were 
obtained. The mp of /S-sitosteryl-D-glucoside has been 
recorded in various ranges between 285° and 305°C with 
optical rotations from —40 to —50° (Radt, 1952, p. 1820s).

Anal., Calc, for C3 SH 6oO0: C, 72.87; H. 10.45 (/3-sitos- 
teryl-D-glucoside)

F ound: C, 72.40; H, 10.27
Acetylation (acetic anhydride and pyridine under reflux 
1 hour) and processing in the usual manner gave a prod
uct which was recrystallized from acetone to mp 168— 
170°C; [« ]T  “ 24.6° (CHC13).

Anal., Calc, for C4 3 H 68O io :C, 69.32; H, 9.20 (“sito- 
sterolin tetraacetate” )

F ound: C, 69.00; H, 9.40
H yd ro lys is  o f  s te ro l g lycoside

The sterol glycoside (271 mg, mp 292-293°) was re
fluxed for 20 hr in a mixture of 10 ml concentrated HC1 
and 50 ml ethanol. After dilution with FLO the mixture 
was extracted with ethyl ether, which was washed thor
oughly with FLO and distilled to dryness. The residue on 
several crystallizations from acetone gave needles, mp 
135-137°C. GLC indicated the presence of /3-sitosterol 
(55.7%), stigmasterol (35.2%) and campesterol (9.1%). 
Because of the high proportion of stigmasterol present the 
melting point of this product could probably be raised to 
the value found for the free sterol mixture (mp 156- 
158°C), but the product was not further examined.

DISCUSSION
T h e  r e s u l t s  o f  t h e  p r e s e n t  w o r k  indicate w h y  some 

of the earlier investigations with lettuce left some doubt 
about the exact nature of the non-saponifiable constitu
ents, especially the sterols and triterpenes. The “phytos- 
terol” of Olcott et al. (1931) could very well be identified 
as a single compound, for example, with less sophisticated 
instrumentation available. Since the report of Thompson 
et al. (1963), it is apparent that sterols from higher plants 
having melting points and optical rotations in the range 
formerly given for “gamma sitosterol” are mixtures of 
/3-sitosterol and campesterol.

In the case of lettuce a similar situation was found, 
with /3-sitosterol and stigmasterol as the major compo
nents and campesterol and an unidentified component as 
minor constituents. (The close association of this unidenti
fied component with the sterols would make it likely that 
it is a sterol also.) Every sample of /3-sitosterol isolated 
from plants in our laboratory has been found by GLC to 
contain varying proportions of stigmasterol and campes
terol, even though melting points and optical rotations of 
the mixtures fall within the range of those given for this 
sterol.

Although the nature of the carbohydrate portion of the 
mixed sterol glycoside was not determined it seems fairly 
certain that it was glucose in view of the observations of 
Nichols (1963) that the lettuce sterol glycoside contained 
this sugar as the carbohydrate moiety. The ratio of sterols 
in the glycoside mixture closely approximates that in the 
free sterol mixture.

In our early experiments in which 0.5 to 1 kg quantities 
of dried lettuce were examined, a small quantity (less than 
100 mg) of crystalline solid with a camphor-like odor 
sublimed from the non-saponifiable fractions on removal 
of last traces of solid. This solid soon evaporated at room 
temperature and was therefore not further examined. Per
haps due to the extensive manipulations involved in proc
essing large quantities of lettuce, the material, very prob
ably a terpene, was not found in subsequent operations. 
Some other unidentified trace non-saponifiable constitu
ents have been indicated also.

It is believed that the complexity of the non-saponifiable 
fractions of lettuce may account in part for the wide dis
tribution of C14 in subcellular particles after incubating 
minced lettuce with mevalonic acid-2-C14 (Nicholas et al.,
1965).
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Chemical Modification of Egg White with 3, 3-Dimethylglutaric Anhydride

SUMMARY—Egg white, near its normal concentration, was 
reacted at 2 5 ° C ,  pH 9 .0 ,  with levels of 3,3-dimethylglutaric 
anhydride (DMGA) from 0  to 6 0  mol/mol egg  white protein 
(EWP) (assuming e g g  white to have an average mol wt of
5 0 ,0 0 0 ) .  Analysis for amino acids and functional groups 
showed about 2 6 %  of the lysine residues reacted at 15 mol 
DM GA/m ol EWP. Sulfhydryls are  more resistant to reaction 
with 6 0 %  unreacted at 150  mol DM GA/m ol EWP. Electro
phoresis indicates significant changes in net charges on the 
protein, particularly on lysozyme which migrates anodically in 
six separate  bands at higher DMGA levels. Ultracentrifuga
tion sedimentation data suggest  no hydrolysis or aggregation 
changes.  Foam formation is not seriously altered, but the 
heat  coagulation properties,  as evidenced by angel cake 
failures, are  changed. As measured by viscosity, light trans
mission and aerating ability, DMGA exerts a protective action 
against the effect  of heat on these properties.

INTRODUCTION
T h e  e g g  w h i t e  p r o t e i n  s y s t e m , because of its several 

proteins with interesting biological properties, has inter
ested biochemists, embryologists, and food technologists 
for many years. Several of the egg white proteins have 
been obtained in highly purified forms and their physical 
and chemical properties extensively studied. The egg white 
proteins have been comprehensively reviewed by Fevold
(1951), W arner (1954), Feeney (1964), and Parkinson
(1966).

Because of its ability to form a stable foam, its heat 
dénaturation properties, its adhesive and binding charac
teristics, and its high nutritional quality, egg white has 
found many uses in the food industry. However, the 
pasteurization of unmodified egg white at the temperatures 
necessary to kill all pathogenic bacteria decreases the func
tional performance in angel food cakes. One of the 
procedures used to solve this problem is to lower the pH 
and form a metal complex with the ovotransferrin (Cun
ningham et al., 1965) and to use lower temperatures in 
combination with hydrogen peroxide (Lloyd et al, 1957).

Decreases in the whipping ability of dried egg white 
are restored by the addition of sodium dodecyl sulfate and 
a wide variety of other compounds (Bergquist, 1964). In 
addition to the well-known and extensive use of egg white 
in the bakery and confectionery trade, it has been employed 
in photographic applications, in wine clarification, as an 
antioxidant (M arion et al, 1964), as a binder in sausage 
type products, and in the production of artificial fibers 
(Lundgren, 1946).

Attempts to modify the properties of egg white and its 
proteins can be traced to the work of Fraenkel-Conrat et al.
(1945) using formaldehyde and to that of Neurath et al.
(1945) and Lundgren et al. (1949) using synthetic deter
gents. Chemical modification of ovomucoid by alkylation

and reduction was reported by Deutsch et al. (1961). 
Simlot et al. (1966) used acetic anhydride, succinic an
hydride, ethyl acetimidate hydrochloride, and iodine to in
crease the acidic properties of ovomucoid. Buttkus et al. 
( 1965) found that acetic anhydride, potassium cyanate, and 
succinic anhydride produced a more acidic ovotransferrin 
but these reagents did not greatly alter its sedimentation 
constant.

Many of the functional characteristics of proteins depend 
upon the distribution and quantity of charged groups and 
physical structures. Changes in charges on these proteins 
or in their physical structures result in modified properties. 
Herriott (1935) reported that the amino groups of pro
teins can be modified by acylation with ketene. Ketene was 
also shown to react with the available sulfhydryl groups 
of egg albumin by Fraenkel-Conrat (1944).

Mellon et al. (1947) reported that the amino groups of 
proteins could be selectively acylated with benzoyl chloride. 
Carbobenzoxychloride, m-chlorobenzoyl chloride, p-chloro- 
benzoyl chloride, and benzene sulfonyl chloride have also 
been widely used for the acylation of proteins. Carbon 
suboxide was shown to react with the sulfhydryl groups 
of egg albumin in addition to amino groups (Tracy et al., 
1942). Phenyl isocyanates were used by Kleczkowski
(1960) to “modify” amino groups. Creech et al. (1940) 
demonstrated that 1,2-benzanthryl isocyanates react prefer
entially with amino groups. Sulfonation and phosphoryla
tion of proteins have been used to introduce acidic groups 
info proteins.

Williams et al. (1966) found that the aldehyde groups 
of salicylaldéhyde react with amino groups of proteins to 
form a reversible Schiff base, l-fluoro-2,4-dinitrobenzene 
has been reacted with a wide variety of proteins. Di-nitro- 
phenylation has been used for modification and structural 
investigations of proteins (H irs et a l, 1965).

This report is a portion of a broad-based investigation 
to develop and evaluate chemical and enzymic means 
of altering the functional properties of egg white as a basis 
for developing improved or new egg products of increased 
value. In  this report the effect of glutarinating egg white 
on selected functional, physical and chemical properties of 
the resulting product is included.

These investigations deal primarily with the chemical 
modification of whole egg white in concentrations near 
those found in the commercial product. It is anticipated 
that modification in such a complex system would proceed 
differently from that in the isolated, dilute protein solu
tions used in more typical biochemical studies. Chemical 
modification of purified proteins is carried out only where 
necessary to elucidate the changes observed in whole egg 
white.
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EXPERIMENTAL
Preparation of samples

The egg white used in these experiments was prepared 
from laboratory broken fresh eggs procured from the 
Iowa State University Poultry Farm. The albumen was 
separated from the yolk with a breaking cup and blended 
(without foam formation) by placing it in a W aring 
blendor and flicking the switch several times to shear the 
ovomucin fibers. The egg white was placed in one-quart 
ice cream containers, frozen, and stored at —20°C. Egg 
white was thawed overnight at 4°C, re-blended and 
strained through cheese cloth prior to chemical modifi
cation.

Solid 3,3-dimethylglutaric a n h y d r id e  (DM GA) was 
slowly added to egg white with continuous stirring. 
DMGA was added at levels of 3, 6 , 15, 30, 60, and 150 
mols of reagent per “mol” of egg white protein (assuming 
egg white to have an average mol wt of 50,000). The 
reaction was carried out at room temperature, with con
tinuous stirring in a covered beaker for 4 hr, and then held 
at 3°C until used.

Dilute NaOH (0.1-1 .ON) was added on a continuous 
basis to maintain the reaction pH  at 9.0. Preliminary ex
periments indicated all reactions were essentially complete 
in 4 hr at 25°C.
Amino acid analyses

The amino acid analyses were performed with a Techni- 
con Auto Analyser. The samples were hydrolyzed with 
6N  HC1 in evacuated tubes for 22 hr at 110°C.

Free amino group determination

The free amino groups present in the proteins were 
determined by the colorimetric method using 2,4,6-trinitro- 
benzene sulfonic acid described by Habeeb (1966).

Sulfhydryl groups

Ellman’s reagent (1959), 5,5'-dithiobis (2-nitrobenzoic 
acid) (D T N B ), a water soluble disulfide for the deter
mination of sulfhydryls, was adapted for use with 1 ml of 
protein solution, buffered to pH  8.0 with 0.1M sodium 
phosphate, and added to 2 ml of deionized water. To this 
solution was added 5 ml of 0.96% sodium dodecyl sulfate in 
the phosphate buffer. An additional 2 ml of the phosphate 
buffer was then added to the mixture. Three ml of this 
solution was mixed with 0.02 ml of DTNB color reagent. 
The DTNB was prepared by adding 36.7 mg DTNB to 
10 ml of pH 7.0, 0AM  sodium phosphate buffer. A 3 ml 
sample of solution with no added DTNB was used as a 
reference solution. The color of the protein-DTNB was 
allowed to develop for 5 min and the optical density read 
at 412 m/x.
Iron-binding capacity

The iron-binding capacity was measured by the method 
described by Fraenkel-Conrat et al. (1950).

Lysozyme activity

The lytic activity of lysozyme is assayed by its ability 
to break the cell walls of a Micrococcus lysodeikticus sus
pension. The extent of clearing, which can be measured 
by an increase in the transmission of the suspension, is an 
estimate of the lysozyme activity. The determination of

the activity is based on the method of Smolelis et al.
(1950), but improved results were obtained by using a 
pH  7.1 buffer, as reported by Wilcox et al. (1954).

Electrophoresis

Horizontal starch gel electrophoresis was performed 
with the discontinuous buffer of Poulik (1957). The gel 
buffer contained 0.076M tris, 0.005M citric acid, and 2.0M 
urea at pH 8 .6 . The electrode buffer contained 0.3M boric 
acid and 0.06M  NaOIT. A concentration of 12% starch 
was used. Electrophoresis was carried out at 200 volts 
and 15 rna for 16 hr. The starch gels were stained for 
1 0  min with a solution of 1 % amido black and then re
peatedly washed with a washing solution of methanol, 
water, acetic acid, and glycerin ( 1 0 : 1 0 : 1 : 1 ).

Immunochemical studies

The antibody to ovotransferrin was prepared by the 
method outlined by Campbell et al. (1964). A 1% solution 
of ovotransferrin in saline was emulsified with 1 ml of 
Freund’s complete adjuvant and was injected intravenously 
at four sites in the rabbits. The injection was repeated 
at 2-week intervals. After 6  weeks, the rabbits were bled 
from the ear and their serum tested for antibody reaction 
toward ovotransferrin. Upon obtaining a positive reaction, 
blood was removed from the rabbits by cardiac puncture 
and serum was separated by allowing the blood to stand 
at room temperature for 4 hr. The isolated serum was 
refrigerated overnight and centrifuged to remove contami
nating cells. This serum was then frozen and stored.

One percent Noble agar (Difco Laboratories, Detroit, 
Michigan) was dissolved in a gel buffer consisting of 
0.01 M  diethyl barbituric acid, 0.05M  sodium diethylbarbit- 
urate, and 0.05M sodium acetate, pH 8 .6 . This solution 
was warmed in boiling water, and the dissolved agar was 
poured evenly on a clear microscope slide, which had 
earlier been coated with a solution of 0 .1 % agar and 0.05% 
glycerin to improve adhesion. The gel was allowed to set 
for 4 hr. The gels were punched with a punch die for 
troughs and wells and the gel plugs removed by suction. 
The antigens to be tested were placed in the upper and 
lower wells, and electrophoresis was carried on at 250 
volts, for 1 hr at room temperature, using the veronal 
buffer in which the gel had been dissolved.

Immediately following electrophoresis, the gel from 
the trough was removed and the serum containing the 
antibody was added. The slides were then left in a humid 
chamber at room temperature for 20 hr. When the precipi
tation lines had clearly developed, the plates were washed 
with saline to remove the unprecipitated protein, stained 
with amido black, and washed with the same solution as 
that used on the starch gel plates.

Ultracentrifugal analysis

Analytical ultracentrifugal analyses were made with a 
Beckman Model E  analytical ultracentrifuge. Aluminum, 
4°, 12 mm, single sector centerpieces were used in an 
AN-D rotor at a rotor speed of 59,780 rpm. Schlieren 
optics were used, and the temperature was maintained at 
20° C. Tris buffer with a pH of 8.00 and an ionic strength 
of 0.10 were used. Protein concentrations of 0.25, 0.50, 
0.75, 1.00, and 1.20 were run and the results extrapolated



CHEM ICAL M O D IFIC ATIO N  OF EGG W H ITE — 165

to zero concentration. S values are reported as equivalent 
values at 20°C and in water.

Angel food cake performance

The angel food cake performance of egg white depends 
on the whipping ability, foam stability, and heat denatura- 
tion properties of the egg white proteins. Changes in physi
cochemical properties of egg white proteins can be ascer
tained by baking cakes containing modified egg white and 
evaluating differences in them. The procedure used here 
was similar to that described by MacDonnell et al. (1950). 
The ingredients for the cakes consisted of 61 g of egg white,
62.5 g of sugar, 22.5 g of flour (sifted four times), 0.9 g 
of cream of tartar, and 0.3 g of sodium chloride. The egg 
white was beaten at 25°C in a Hobart Kitchen-Aid K5-A 
mixer with a wire beater. After 10 seconds of beating, the 
cream of tartar and salt were added. One-fifth of the sugar 
was added after 20, 30, 37, and 45 sec.

After the estimated optimum beating time (by visual 
observation) the specific gravity of the meringue was 
determined. Then the remaining one-fifth of sugar, sifted 
with all the flour, was folded in, one-fourth at a time, 
using 10 strokes after each addition. The specific gravity 
of the batter was determined, and 1 2 0  g of batter were 
placed in a 2)4 in. X 3)4 in. X 5)4 in. pan and baked at 
350°F for 27 min. The cakes were cooled and their volume 
measured by rape seed displacement. The crumb pH was 
recorded.

Emulsifying capacity

The emulsifying capacity of the proteins was determined 
by a modification of the method of Pearson et al. (1965). 
The method essentially consisted of making up solutions 
containing 6.0 mg of protein nitrogen in 10 ml of 0.6M  
KC1 buffered to the desired pH  with 0.01M buffer. Cotton
seed oil was added at the rate of 0 . 6  ml/sec while stirring 
at a speed of 1,500 rpm until the emulsion broke. The 
emulsifying capacity is expressed as g of oil emulsified/mg 
of protein nitrogen.

Heat stability

The pH of the reacted egg white was lowered to 8.5 by 
very slowly adding 0.51V HC1 in saline. The concentration 
of the proteins was then reduced to 16 mg of nitrogen 
per ml by diluting with pH  8.5, 0.15M  tris buffer.

Heat treatment was carried out on 250 ml samples of 
the diluted egg white in 400 ml Berzelius beakers. Heat 
treatments were accomplished by first preheating all the 
samples to 50°C in a water bath. The preheated samples 
were then heated in a 60°C water bath for 0, 3, 5, 10 and 
15 min and immediately cooled to 25°C in an ice bath. 
A separate control (identified as 00) was not preheated, 
but was held at room temperature.

Relative viscosity of heated glutarinated egg white

The viscosity of the solutions at 25 °C was determined 
with a Cannon-Fenske size 150 capillary viscometer and is 
reported as relative outflow time of samples to water at
25°C.

Transmission of heated glutarinated egg white

Transmittancy measurements (Seideman et al., 1963) 
were made at 550 m/x on a Bausch and Lomb Spectronic 20.

One hundred percent transmittancy was set with distilled 
water.

Relative specific gravity of the meringue of heated 
glutarinated egg white

The relative foaming ability of the glutarinated egg white 
after heating was determined by using 61 ml of the diluted 
egg white with 47 g sugar, 0.9 g cream of tartar, and 0.3 g 
sodium chloride. The whipping was carried out and the 
ingredients were added as described earlier for forming the 
meringue for the angel food cakes, except that this mixture 
was beaten for 1 ,2  and 3 min. The specific gravity of the 
meringue was determined by dividing a weighed amount 
of the meringue by its volume.

RESULTS AND DISCUSSION
Amino acid analyses

The amino acid composition of unreacted and glutari
nated egg white and unreacted and glutarinated ovalbumin 
is shown in Table 1. When 15 mols 3,3-dimethylglutaric 
anhydride/mol egg white protein were reacted at 25°C for 
4  hr, lysine appeared to be the only amino acid significantly 
affected. Approximately 11 residues of lysine per “mole
cule” react under these conditions. In ovalbumin, under 
similar reaction conditions, approximately eight residues 
of lysine per molecule reacted.

T a b le  1. A m in o acid  com position o f n a tiv e  and g lu tarin ated  egg 
w hite and ovalbum in ( “m ol w t” eg g  w h ite  =  5 0 ,0 0 0 ) .

Amino acid Egg white
15 mol DMGA / mol egg white Ovalbumin

15 mol DMGA / mol < ovalbumin
L y sin e 28 17 21 13

H istid in e 9 9 7 7

A rg in in e 16 16 15 15

A sp a rtic  acid 43 44 31 32

T h reo n in e 23 23 13 14

S e rin e 41 41 27 27

G lu tam ic acid 42 41 49 48

P ro lin e 15 15 14 14

G lycin e 51 51 19 19

A lan in e 61 60 36 37

C ysteine 4.5 4 .4 5 S

V a lin e 34 33 32 31

M eth ionin e 12 12 16 16

Isoleu cin e 20 20 24 25

L eu cin e 35 34 32 31

T y ro s in e 7 7 10 10

P h en yla lan in e 15 15 20 20

T a b le  2. C h anges in 
tarin ated  eg g  w hite.

fre e  am in o and su lih y d ry l groups in g lu -

Mol DMGA/mol EWP
Relativefree amino groups1

Relative
sulihydryl groups2

0 100 100

3 95
6 75

15 47.5

30 37.5 90

60 20 75

150 10 60

1 O rig in a l free  am ino groups =  28  res id u es/m o l “eg g  w h ite .”
2 O rig in a l su lih yd ryl groups =  4.5 resid u es/m o l “eg g  w h ite .”
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T a b le  3. Iro n -b in d in g  cap acity  o f g lu tarin ated  eg g  w hite.

Mol DMGA/mol EWP
Relativeiron-binding capacity

0 1 0 0

1 111.3
3 1 0 1 .0

6 79.7
IS 41.6
30 35.9

Changes in sulfhydryl and free amino groups

Table 2 shows that DMGA rapidly reacts with the free 
amino groups in egg white. Glutarination also tends to 
reduce the “free” sulfhydryl groups in egg white although 
the rate of sulfhydryl reduction is less rapid than the rate 
of reaction with free amino groups. This would be ex
pected since the number of potentially available sulfhydryls 
is only 4—5 and some molecular rearrangement may be 
required to permit their reaction.

Iron-binding capacity

Glutarination of egg white with low levels of DMGA 
may slightly increase the iron-binding capacity of the egg 
white, as indicated in Table 3. At levels above 6  mol 
DMGA/mol E W P  a significant decrease in the iron
binding capacity of ovotransferrin occurs. This would be 
predicted on the basis of the involvement of amino and 
tysrosyl groups in the metal-binding reaction and the block
ing of these groups with DMGA. Free amino group reduc
tion, as indicated in Tables 1 and 2, is closely related to 
the reduction in iron-binding capacity, confirming the 
mechanisms reviewed by Feeney et al. (1966).

Lysozyme activity

The lysozyme activity of glutarinated egg white is rap
idly reduced (Table 4). In view of the marked changes 
in electrophoretic patterns of lysozyme at low levels of 
glutarination, this would be expected. Lysozyme, with its 
large proportion of basic groups (I.P . =  10.5), should be 
especially susceptible to glutarination.

T a b le  4. L ysozy m e activ ity  o f g lu tarin ated  eg g  w hite.

Mg lysozymeMol DMGA/mol EWP activity, ml egg white
0 3.60
6 1.90

IS 0.S5
30 0.019
60 0.002

The addition of a large number of glutaryl groups would 
alter the interaction of the lysozyme-ovomucin complex, 
the heat stability properties of the protein, and its am
photeric properties as well as its lytic ability.

Electrophoresis

The electrophoretic behavior of glutarinated egg white 
is shown in Fig. 1. The major observable change in the 
electrophoretic patterns is in the increased anionic migra
tion of all the proteins. This change in mobility would be 
expected upon the addition of glutaryl groups. In  the 
lysozyme region, the presence of more than one band is

1 2 3 4 5 6 7

Pig. 1. Starch-gel electrophoretic patterns of glutarinated egg 
while. (1, 2, 3) 60, 30 and .7.5 ntols D M G A /m o l E W P , respectively, 
reacted fo r 8 h r at 25°C ;  (4, 5, 6) 60, 30 and 15 mols D M G A /m o l 
E W P , respectively, reacted for 4 hr at 25°C; (7) control egg 
white.

I 2 3 4 5 6 ?

Fig. 2. Starch-gel electrophoretic patterns of glutarinated lyso
zyme. (1) Control lysozyme; (2, 3, 4, 5, 6, 7) lysozyme reacted 
w ith 2, 4, 8j 10, 12 and 30 mois/m o l lysozyme fo r ~4 hr at 25° C.

indicative of a major change in the lysozyme molecule. 
Fig. 2 shows that the electrophoretic patterns of isolated 
lysozyme reacted with various amounts of DMGA, con
firming the observations in whole egg white.
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No satisfactory explanation can be presented for the 
increased cationic migration of lysozyme at low levels of 
DMGA or for the anodic separations into six distinct bands 
at higher levels. The increased anionic migration with 
increased levels of DMGA is of course due to the blocking 
or replacement of basic groups with the carboxyl of DMGA 
and the resulting change in net charge. Other functional 
groups with an active hydrogen may also be involved. The 
isolation and further characterization of the individual 
derivatives may offer an explanation in the future.

Im m unoe lectrophoresis

The results of the immunoelectrophoretic studies are 
shown in Fig. 3. On each slide the lower well contains 
egg white reacted with 15 mols DMGA/mol E W P ; in 
Slide 2 the well contains egg white reacted with 30 mols 
of DM GA; and on Slide 3 it contains egg white reacted 
with 60 mols of DMGA. The location of the precipitation 
lines indicates that glutarination changes the mobility of 
the protein but that immunochemically the protein antigen 
is still capable of combining with the antibody. It is con
cluded that glutarination does not seriously affect the anti
genic sites of ovotransferrin.

Fig. 3. Immuno-electrophoretograms of glutarinated egg white. 
Upper U'ell contains egg white control in  1, 2 and 3. Lower zvell 
contains egg white reacted w ith  15, 30 and 60 mols D M G A /m o l 
E W P  in 1, 2 and 3, respectively. Center trough contains conalbumin 
antibody in 1, 2 and 3.

Ultracentrifugal analyses

Despite the fact that egg white contains several proteins, 
upon analytical ultracentrifugation, it sediments as one 
moderately diffusing peak and one minor slightly faster 
peak (Fig. 4 ). The S2 o,w for the major peak extrapolated 
to zero concentration is 2.80, and the S2 o,w for egg white

Fig. 4. Ultracentrifuge patterns of glutarinated egg zvhite. (1, 2) 
Control egg zvhite at 20 and 52 min, respectively; (3, 4) egg white 
reacted zvith 15 mols D M G A /m o l E W P  centrifuged fo r 64 and 
132 min, respectively; (5, 6) egg white reacted w ith  30 mols 
D M G A /m o l E W P  centrifuged fo r 60 and 128 min, respectively.

T a b le  S. P e rfo rm a n ce  o f g lu tarin ated  eg g  w h ite  in angel food cak e.

Mol DMGA/mol EWP

Meringue specific gravity Cake volume (ml)

Control Treatment Ratio
T/C Control Treatment

Ratio
T/C

3 0.160 0.138 0.86 613 639 1.04

6 0.1S3 0.133 0.87 S96 602 1.01

IS 0.148 0.127 0.86 SOS 285 0.56

30 0.1S4 0.125 0.81 345 1 2 3 0 1

60 0.1S4 0.119 0 .77 345 1 2 6 5 1

ISO 0.172 0.118 0 .69 2 4 0 1 2 3 0 1

1 U n sa tis fa c to ry  cak e  w ith  both co n tro l and trea ted  eg g  w hite.
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reacted with 15 and 30 mols DMGA/mol E W P  was 2.83 
and 2.95, respectively. This difference probably reflects 
only very minor, if any, changes in the size and/or shape 
of the egg white protein molecules. Clearly no major 
hydrolytic or aggregation changes have occurred under 
these treatment conditions.

Angel food cake performance

The performance of the glutarinated egg white in angel 
food cakes is summarized in Table 5. Control cakes were 
made by diluting unreacted egg white with the same 
amount of saline as was used in the glutarinated egg white 
to maintain a constant pH of 9.0 during the reaction. This 
creates only minor problems at lower levels of reactants, 
but unsatisfactory cakes resulted from the excessive dilu
tion necessary to maintain the pH at reactant concentra
tions of greater than 15 mols DMGA/mol EW P.

Since the beating performance is maintained at a high 
level, the reduction in cake performance is assumed due to 
alteration of the heat denaturation characteristics of the 
proteins. This assumption is strengthened by the heat 
stability data to be discussed.

Emulsifying ability

The emulsifying ability of proteins is an index of their 
potential use in sausage and related products as a binder 
and/or stabilizer for the meat emulsion (Pearson et al.,
1965). Egg white appears to be capable of emulsifying 
more fat than the additives normally added to sausages, 
especially at the pH ’s typically used in sausage manufac
ture (Pearson et al., 1965).

Table 6  illustrates that glutarination increases the emul
sifying ability of the egg white proteins at pH  4.0, but it 
has less effect on the emulsifying ability at pH 6.0 and 8.0. 
Depending upon the pH of the sausage product, glutarina
tion may or may not be beneficial in improving egg white 
as an emulsion stabilizer in comminuted meat products.

Heat stability

The effect of heating DMGA modified egg white at 
60°C for periods up to 15 min on relative viscosity, relative 
specific gravity of foam, and light transmission are shown 
in Fig. 5.

The lack of change in the viscosity of unmodified whites 
differs from those results reported by Seideman et al.
(1963) and Cunningham et al. (1965), who found signifi
cant increases upon heating at 60°C. This difference may 
be due to the protein dilution effect (from ca. 19.0 mg 
N /m l in normal egg white to 16.0 mg N /m l used in these 
experiments). Ionic strength was maintained at the nor
mal level (ca. 0.15M NaCl) by diluting with appropriate 
buffer to negate salt concentration effects on heat stability.

T a b le  6. E m u lsify in g  ab ility  o f g lu tarin ated  eg g  w hite.

Mol DMGA/mol EWP
Gm oil emulsified/mg protein nitrogen

pH 4.0 pH 6.0 pH 8.0

0 13.5 16.2 10.0
3 14.7 14.3 10.6
6 13.9 12.1 10.2

15 16.1 14.1 9.5
30 21.2 12.5 8 .3

RELATIVE VISCOSITY

Fig. 5. The changes in relative viscosity, relative specific grav
ity  of meringue, and percentage transmission of glutarinated egg 
white (0, 6, 15 and 30 mols D M G A /m o l E W P ) heated fo r varying 
time periods at 60°C.

In contrast, foaming power and light transmission prop
erties are markedly affected. The effect of the DMGA at 
low levels appears to seriously reduce foaming ability, de
crease light transmission and sharply increase the viscosity 
upon heating. A small amount of a fine fibrous precipitate 
was observed at low levels, which increased with heating. 
Higher reactant levels yielded a clear solution. The small 
quantity of the precipitate has not permitted identification. 
In all instances higher levels offer substantial protection 
from the heat treatment.

Although no completely satisfactory explanation has 
been found to explain the inflection point in the quality 
attribute curves, it does appear that such a point exists 
near the 3-6 mol DMGA/mol E W P  level. Examination 
of the electrophoretograms in Figs. 1 and 2 confirms this 
conclusion, as do the emulsifying characteristics given in 
Table 6  and to a lesser degree the angel cake performance 
in Table 5.

A possible explanation may be that all the proteins of 
the egg white carry a negative charge in the pH  range
7.5—8.5, where these tests were carried out, due to the addi
tion of the glutaryl groups. This modifies the nature of 
the protein-protein complexes and subsequently the egg 
white performance. The significance of the contributions 
of protein interactions to egg white performance may have
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been underestimated. Further chemical modification stud
ies on whole egg white (with little or no dilution) may 
contribute to our understanding of these functional attri
butes.

On the basis of the results reported here, 3,3-dimethyl- 
glutaric anhydride may offer the egg products technologist 
a way to control the effect of heat on liquid egg white 
dénaturation, give another tool to permit pasteurization at 
temperatures more useful for eliminating pathogens from 
the product, and retain the desired functional properties 
of the system.
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SUMMARY—Effects of composition, of freezing rates, and of 
pressure on dry layer permeability of freeze-dried liquids 
were studied. Permeability was found to be higher for 
slowly frozen samples of coffee and of a model system, than 
for rapidly frozen samples. A surface layer of very low 
permeability was observed in all samples frozen w thout 
agitation.

Permeabilities obtained in steady state measurements were 
found to correlate with permeabilities calculated from freeze
drying rates. A mathematical analysis based on the assump
tion of a uniform dry layer with constant properties was 
found to apply better to slush frozen samples than to samples 
frozen without agitation.

INTRODUCTION
F reeze-drying is usually considerably more expensive 

than spray drying per unit weight of water removed. High 
costs are due to investment in equipment, high energy 
consumption and low capacity because of low rates of 
drying.

Generally, heat transfer to the sublimation interface and 
mass transfer from this interface to the condenser or pump 
are the rate-limiting factors. Proper understanding of 
these phenomena is essential for equipment and process 
design.

In this study the water vapor transfer through a dry 
layer is investigated under conditions of conduction heating 
where heat transfer is a negligible limiting factor.

One of the first and most comprehensive reviews on 
freeze-drying foods was made by Harper et al. (1957). 
They found that at a given temperature, the permeability 
was almost independent of pressure for total pressures 
lower than 1 mm Hg. They determined the permeability 
of freeze-dried beef by maintaining ice at a constant tem
perature on one side, and dry magnesium perchlorate on 
the other side of a sample plug of known dimensions. 
They suggested that in liquid foods the permeability was 
dependent on the freezing rate. In freeze-drying with 
radiation heating the plot of the square of the fractional 
weight loss vs. time gave a straight line with intercept on 
the time axis at 1 hr.

Greaves (1962) found that coffee extracts of high con
centration showed apparent eutectics at a lower tempera
ture than dilute solutions.

Mink et al. (1962) made a mathematical study of heat 
and mass transfer in radiation and conduction heating. 
They presented an empirical equation for the drying time 
for a process using spiked plates for improved heat 
transfer.

“ P re se n t a d d re ss : C en tro  T ro p ic a l de P esqu isas e T e cn o lo g ia  
de A lim en to s, c. p. 655 C am pinas S .P . ,  B ra z il.

Lambert et al. (1962) made a comprehensive study of 
heat and mass transfer in the freeze-drying of several 
products; they also calculated the permeability of several 
freeze-dried materials. The authors mentioned the exis
tence of a surface film or crust resistance to mass transfer. 
This resistance decreased with the solids content of the 
sample. Surprisingly, the permeability decreased during 
the initial drying period and increased considerably in 
later stages of freeze-drying of non-fat milk. For this 
product, the freezing rate had only a slight effect on the 
permeability, but a sample whose frozen surface was 
scraped prior to drying had a significantly higher perme
ability. The solids content of the scrapings was nearly 
twice that of the bulk. In general, more than half of the 
moisture was removed at constant rate for several prod
ucts. The critical moisture content was a function of such 
factors as the geometry of the sample, the drying rate, and 
the nature of the sample.

Luyet (1962) recognized the importance of freezing 
rates on the subsequent freeze-drying process. His studies 
involved microscopic examination of the frozen and dry 
materials, types of structure changes during freeze-drying, 
and rehydration of samples frozen at different rates and 
temperatures.

Recently, Mackenzie (1966) made an extensive study 
of the different freezing mechanisms and their relations 
to the freeze-drying process. He found that for each 
system there is a characteristic temperature above which 
freeze-drying is not possible without collapse of the struc
ture. This temperature was usually much lower than the 
eutectic temperature, and was very similar to the critical 
recrystallization temperature, which could be increased by 
adding substances with high transition temperatures, such 
as dextran.

Rey (1963) observed that fast freezing resulted in the 
formation of small crystals and products of high quality, 
but that very rapid freezing resulted in a splitting of the 
sample due to stresses caused by steep temperature 
gradients.

Mackenzie et al. (1963) found that very rapidly frozen 
30% gelatin gel freeze-dried faster at —30°C when per
mitted to recrystallize, confirming observations by other 
authors that large crystals result in increased drying rates. 
These authors also showed that more shrinkage occurred 
in the non-recrystallized samples during freeze-drying.

Burke et al. (1964) mentioned that the freezing opera
tion might be as important as the drying process. These 
authors also observed a constant and a falling rate period 
during freeze-drying of several products, confirming 
earlier observations made by Lambert et al. (1962).
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Hardin (1965) made an exhaustive mathematical analy
sis of the freeze-drying process. He found that, theoreti
cally, the drying times at 0.5 or at 2 mm H g chamber 
pressure should not differ significantly. In practice, how
ever, the drying time at 2 mm H g was considerably 
longer. Hardin also made the interesting experiment of 
measuring the pressure profile within the dry layer to 
prove theoretical predictions.

Dyer (1965), too, made a study of the mathematical 
relations governing the freeze-drying process. He ob
served that at —20°C, beef had a water vapor pressure 
of 0.5 mm Hg, while the vapor pressure of pure ice was 
0.7 mm Hg. He observed only small differences in the 
drying rates at chamber pressures below 0.8 mm Hg, 
thus confirming previous observations made by Harper 
et al. (1957).

Nei et al. (1964) observed that dehydration proceeded 
faster in the slowly frozen material during the primary 
phase of drying, but more rapidly in the quickly frozen 
sample during the final stage.

EXPERIMENTAL PROCEDURE
Direct determination of the permeability

For direct determination of permeability the suspen
sions were deaerated and then frozen in glass cylinders of 
25 mm ID and 20 mm height glued to flat aluminum foil. 
The freezing rates employed w ere:

Very slow freezing: free convection freezing at —5°C.
Slow freezing: free convection freezing at —-20°C.
Fast freezing: freezing at —40°C with air agitation.
Very fast freezing: freezing with liquid N 2  from bottom 

of the glass cylinder.
Slush freezing: freezing at —20°C with intermittent 

manual agitation; the slush was transferred to molds and 
then solidified at — 40°C.

Freezing the liquid sample by immersion into liquid 
N 2 yielded a cracked sample with no mechanical strength.

After freezing, the samples were dried at a surface 
temperature of —25°C until the free water had been 
removed. Then the temperature was raised to +20°C to 
remove most of the adsorbed water. The dry cylinders 
suffered a contraction of about 1 mm making it easy to 
remove them from the mold. The area of the samples 
was 4.90 cm2  and the height varied between 1 0  and 18 mm.

Samples of coffee (20% and 30% solids) as well as of 
the model system ( 1 0 % glucose, 1 0 % microcrystalline 
cellulose; 2 % potato starch) showed enough mechanical 
strength to be handled without breaking.

For the permeability determination, the sample cylinder 
was wrapped in a piece of plastic insulating tape to cover 
all the lateral surface without leaving space between the 
tape and the sample. This new cylinder was then attached 
to the sample holder, as shown in Fig. 1, and introduced 
into the experimental freeze-drier (Fig. 2).

In  this set-up, ice at constant temperature (correspond
ing to vapor pressures of 0.70 to 0.80 mm H g) could be 
maintained on one side of the sample, while on the other 
side the water could be condensed in a weighed flask 
cooled with liquid N 2 and connected to a vacuum pump.

Steady state had to be attained in relation to the water 
adsorbed on the surface of the sample. During the first 10

FOR THE THRECT DETERMINATION OF 
THE PERMEABILITY

 ̂ Fig. 1. Schematic diagram of sample holder for direct determina
tion of permeability.

min a temperature rise of 10°F occurred in the center of 
the sample due to water vapor adsorption, and after 1 0 0  

min a constant moisture content profile was established 
within the sample, after which time the water vapor 
transfer occurred at constant rate and temperature. The 
rate was determined by weighing the amount of water 
condensed during a period of 3 to 15 hr.

The permeability was then calculated using the known 
values of the area, thickness of the sample, and water 
vapor pressure differences between the two sides of the 
sample. A term for the resistance to mass flow of the 
system, which was determined with no sample, was in
cluded in the calculations which are shown in Fig. 3.

After one determination the sample holder with the 
sample could be removed, the upper surface layer (0.5 to 
1 mm) scraped off, and a new determination performed.

Properties of all samples, such as moisture content 
profile, cracking, texture, possible melting, were exam
ined after completing the last determination.

Rates of freeze-drying

The same experimental set-up shown in Fig. 2 was 
used. In  this case the sample was frozen in a circular 
dish of 45.3 cm2 area and 1.2 cm height with Lucite 
(trade mark of E. I. DuPont de Nemours Co.) side wall 
and flat brass bottom.
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PERMEABILITY

where:
b - permeability, g/sec cm mm Hg
X , - thickness, cmc
-m 2A - area, cm
(pi - p2) - water vapor pressure d iffe re n tia l,  mm Hg
dw - flow ra te  of water vapor, g/sec 
dt
Rp - resistance of pipe to mass flow, sec mm Hg/g 

Rp = 1.7 x 10  ̂ sec mm Hg/g

Fig. 3. Calculations fo r the direct determination of permeability.

The thickness of the samples varied from 0.9 to 1.2 cm 
and thermocouples were placed at different points. Heat 
was transferred by conduction through the brass bottom 
and the frozen layer to the sublimation interface.

The weight of water removed at any time could be 
determined. By graphical differentiation the drying rate 
at any time was calculated. The thickness of the dry 
layer was determined from the weight of water removed. 
Details of the calculation of the permeability are shown 
in Fig. 4.

For the freeze-drying rate determinations only 20% 
coffee (Maxwell House, trade mark of General Foods 
Corp.) solutions and a model containing 10% glucose, 10% 
microcrystalline cellulose (Avicel, trade mark of FM C 
Corp.), and 2% potato starch (boiled) were used. The 
latter proved to be an excellent model for the study of 
mass transfer phenomena during freeze-drying.

The driving force for mass transfer through the dry 
layer was the difference between the vapor pressure at 
the sublimation interface temperature and the vapor pres
sure at condenser temperature ( —196°C). Although the 
interface temperature (T j) was considered equal to the 
bottom temperature (T d), the calculations in Fig. 5 show 
that this introduces a negligible error for the dimensions 
involved.

RESULTS AND DISCUSSION
Direct permeability determination

Some significant results obtained in permeability studies 
are shown in Figs. 6  and 7. Extensive study of the sur
face layer resistance showed that it could amount to the

Combining (1) and (2)

Td = (Pi - Ps> AHS + Tj. (3)

where :
Xd
w

thickness of dry layer, cm 
weight of water condensed, g 
density of sample, g/cm^

weight fraction of water in sample

2A - sublimation area of sample, cm
(pl - P2 ) - water vapor pressure d iffe ren tia l, mm Hg
dw - drying ra te , g/sec 
dt
b - permeability, g/sec cm mm Hg
Pp - resistance of pipe to mass transfer, sec mm Hg/g

Fig. 4. Calculations for the indirect determination of permea
bility.

1% - interface temperature = -25°C
- interface water vapor pressure = 0.48mm Hg 

Ps - surface water vapor pressure = 0.00mm Hg 
AHg - latent heat of sublimation = 650 cal/g
b - permeability of dry layer = 2 x 10-  ̂ g/sec-cm*mm Hg
Kf - thermal conductivity of frozen layer = 0.005 cal °c

sec cm
- thickness of frozen layer = 1 cm
- thickness of dry layer = 0.5 cm

Then:
Td = -23 C

Note: = 0.5 cm is the thickness of the surface layer
in terms of equivalent resistance.

Fig. 5. Temperature at interface.
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400 BOO PRESSURE (/iHg) 700 800 900

F ig . 6. Perm eability of freeze-dried coffee as a function of 
freezing rate and chamber pressure.

resistance to  mass tra n s fe r equ iva le n t to  0.3 to  1.4 cm  o f 
the n o rm a l d ry  laye r. T h e  va lue  o f th is  resistance cou ld  
n o t be co rre la te d  p ro p e r ly  w ith  the  fre e z in g  process, e x 
cep t in  the  case o f s lush fre e z in g  w here  the  surface res is
tance was v e ry  sm all. C racks in  the  surface and the  
re la tiv e  h u m id ity  o f the  fre e z in g  roo m  m ig h t have in f lu 
enced the surface resistance.

A f te r  the p e rm e a b ility  d e te rm in a tio n , a m o is tu re  con ten t 
g ra d ie n t cou ld  be d e te rm in ed  by  o b se rv ing  the  p la s tic ity  
o f the  sam ple on the  h ig h  pressure side and its  b rittle n e ss  
on the lo w  p ressure  side.

T h e  p e rm e a b ility  was n o t a ffected by the  re la t iv e ly  h ig h  
m o is tu re  con ten t a t the  h ig h  p ressure  side. A f te r  steady 
state had been a tta ined  the sam ple c y lin d e r o f 20%  coffee 
showed an average m o is tu re  con ten t o f 0.05 g  H 20 / g  
solids.

T h e  th ickness o f the  sam ple c y lin d e r cou ld  n o t be 
de te rm ined  be tte r th a n  w ith in  ±  0.5 m m . T h is , then, is 
the  m a jo r  source o f e r ro r  in  the  p e rm e a b ility  d e te rm in a 
tio n . A n  ana lys is  o f the  e r ro r  p ro p a g a tio n — in c lu d in g  
o th e r va riab les  such as w e ig h t, f lo w  area, and d r iv in g  
fo rce  d e te rm in a tio n — showed th a t the  m a x im u m  probab le

g
e r ro r  is ±  0.5 X 1(L° ---------------------------- .

sec cm  m m  H g
F igs . 6 and 7  show  the  w eak to ta l pressure  dependence 

o f the  p e rm e a b ility  be low  0.80 m m  H g , a f in d in g  in  agree
m en t w ith  resu lts  ob ta ined  by  H a rp e r  et al. (1 9 5 7 ) and 
by  D y e r  (1 9 6 5 ).

T h e  resu lts  ob ta ined in  th is  s tud y  show  c le a rly  th a t 
the  p e rm e a b ility  o f the d ry  la ye r is m a rk e d ly  a ffected by  
the  fre e z in g  o f the  liq u id . S lush  fre e z in g  was ac tu a lly  
a m ethod  o f s low  freez ing , b u t i t  resu lted  in  a m uch 
h ig h e r p e rm e a b ility . T h is  can be e xp la ine d  by the  v ir tu a l 
absence o f surface la ye r resistance and by  in c o rp o ra tio n  
o f a ir  in to  the  slush. F as t fre e z in g  gave the  lo w es t pe rm e
a b ili ty  due to  the fo rm a tio n  o f v e ry  sm all c rys ta ls  o f w a te r. 
V e ry  s low  fre e z in g  resu lted  in  the fo rm a tio n  o f lo n g  ice 
c rys ta ls  in  bundles and in  d iffe re n t d irec tio ns  as observed 
in  the  freeze -d ried  sample.

T h e  im p o rtan ce  o f fre e z in g  ra tes on subsequent d ry in g  
was q u a lita t iv e ly  recogn ized  and  discussed by  L u y e t
(1 9 6 2 ) and m any o th e r au tho rs . A lth o u g h  L a m b e rt et al.
(1 9 6 2 ) fo u n d  o n ly  a s lig h t effect on  the  p e rm e a b ility  o f 
n o n -fa t m ilk , these au tho rs  d id  n o t spec ify  the  freezing- 
rates used in  th e ir  w o rk .

Freeze-drying rates
T h e  fre e z e -d ry in g  process was ana lyzed in  te rm s o f p lo ts  

o f the  appa ren t p e rm e a b ility  vs. the  th ickness o f the  d ry  
layer. F igs . 8 and 9  show  th a t fo r  20 %  coffee and the  
m odel system , s lush fre e z in g  gave s ig n if ic a n tly  h ig h e r p e r
m ea b ilitie s  th a n  d id  s low  freez ing . T h e  h ig h e r in it ia l 
p e rm e a b lity  o f the s lush fro ze n  sam ples due to  the  v ir tu a l 
absence o f the v e ry  im perm eab le  surface la ye r is im p o r
tan t.

R e m o v in g  th is  la ye r f ro m  the fro ze n  sam ple increased 
the in it ia l p e rm e a b ility  and the d ry in g  ra te  d u r in g  the  
w h o le  pe riod . T h is  co n firm s  a p revous ob se rva tion  by 
L a m b e rt et al. (1 9 6 2 ) . These au tho rs , how ever, fo u n d  a 
h ig h  in it ia l p e rm e a b ility  w h ic h  f ir s t  decreased w ith  the 
th ickness o f the  d ry  laye r, the n  subsequently  increased. 
T h is  f in d in g  is c o n tra ry  to  the resu lts  presen ted in  th is  
paper.

6

2

5 0 0 6 0 0
PRESSURE (/-Ha ) 8 0 0 »00

PERMEABILITY DURING FREEZE-DRYING

Fig. 7. Effects of concentration and of the presence of a surface Fig . 8.^ Perm eability of freeze-dried coffee estimated from
layer on the permeability of freeze-dried coffee. freeze-drying rates.
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Fig. 9. Perm eability of a freeze-dried model system estimated 
from freeze-drying rates.

T h e  shape o f the  curves fo u n d  m ay be exp la ine d  by 
the  h ig h  p ro p o r tio n  o f the  surface resistance to  the  to ta l 
resistance d u r in g  the  in it ia l pe rio d  o f d ry in g , re s u lt in g  in  
a lo w  appa ren t pe rm ea b lity . D u r in g  la te r pe riods  the  d ry  
la ye r th ickness increases and accounts fo r  m ost o f the 
mass f lo w  resistance, re s u lt in g  in  a h ig h e r appa ren t p e r
m e a b ility . F in a lly ,  the  apparen t p e rm e a b ility  again de
creases due to  fac to rs  such as im p a ire d  heat tra n s fe r, i r 
re g u la r hea ting , edge effects. T h e re fo re , the p lo t o n ly  
represents re a lity  w e ll up  to  a d ry  la ye r th ickness o f 
0 .7 cm.

N o te  the  ir re g u la r i ty  o f the  p e rm e a b ility  vs. d ry  laye r 
th ickness p lo t fo r  the  m odel system  fro ze n  in  liq u id  N 2. 
E x te n s iv e  c ra ck in g  o f the sam ple occurs and the  w a te r 
v a p o r can escape. I n  th is  case, the p e rm e a b ility  can h a rd ly  
be used fo r  any m athem atica l analysis.

F ig . 10 shows schem atica lly  how  the fro ze n  la ye r re 
cedes fo r  each o f the  fre e z in g  processes. V e ry  fas t freez 
in g  g ives a com p le te ly  ir re g u la r  in te rface . T h e  fa ir ly  
ir re g u la r  surface fo r  the  s low  frozen  sam ple is u n d e r
standab le because the  ra te  o f heat rem o va l fro m  the  sam 
p le  d u r in g  fre e z in g  is in v e rs e ly  p ro p o rtio n a l to  the

SLUSH FREEZING

SCHEMATIC REPRESENTATION 
OF THE FROZEN LAYER 
AFTER REMOVAL OF 75% 

OF THE WATER

SLOW FREEZING

SAMPLE HOLDER 

FROZEN LAYER 

DRY LAYER

LIQUID 1  ̂ FREEZING

F ig . 10 . Schematic representation of the frozen layer after 
removal of 75% of the water.

th ickness o f the  fro ze n  laye r. I f  the  con vec tio n  heat tra n s 
fe r coe ffic ien t is  la rge , the  sam ple freezes s lo w e r a t the  
center. T h is  resu lts  in  h ig h e r p e rm e a b ility  a t the  cen ter. 
T h e  ge om e try  and com p os ition  o f the  sam ple are also 
responsib le  fo r  a he te rog en e ity  in  c ry s ta l size and 
o rie n ta tio n .

T h e  s lush frozen  samples show ed a u n ifo rm  te x tu re  
due to  ra n d o m  d is tr ib u tio n  o f the  ice c rys ta ls . T h e  frozen  
in te rfa ce  receded v e ry  u n ifo rm ly .

D u r in g  the  se lection o f an a p p ro p ria te  m ode l system , 
severa l com pos itions  w ere  s tud ied  and i t  was observed 
th a t 20%  sucrose so lu tions  cou ld  n o t be d r ie d  a t — 20 °C , 
w h ic h  is w e ll be low  the eu tectic  tem pe ra tu re . S im ila r  ob 
serva tions w e re  made by  M ackenz ie  (1 9 6 6 ) . I n  the  p re s 
en t s tudy, ad d ing  m ic ro c ry s ta llin e  ce llu lose and heated 
po ta to  s ta rch  stab ilized  the s tru c tu re  and m ade possib le 
the  fre e z e -d ry in g  o f a system  c o n ta in in g  h ig h  sugar 
concen tra tions.

T w e n ty  % coffee so lu tions  cou ld  be fre e ze -d rie d  at 
— 20°C , b u t 40%  so lu tions showed m e ltin g  spots a t th is  
tem pe ra tu re , a lth o u g h  the n a tu re  o f the  solutes was the 
same a t bo th  concen tra tions. I t  appears th a t the  concen
tra te d  so lu tions  have a lo w e r appa ren t eu tectic  p o in t, a 
f in d in g  made e a rlie r by  Greaves (1 9 6 2 ).

D u r in g  freez ing , a v iscous la ye r is fo rm e d  on the  surface 
o f the  sam ple o f coffee. A t  — 16°C  th is  la y e r can be 
scraped o f f ;  then  d ry in g  proceeds fas te r and can be 
p e rfo rm e d  at h ig h e r tem pera tu res.

A  sam ple fro m  the surface had a m o is tu re  con ten t o f 
o n ly  1.9 g  F I20 / g  so lids w h ile  the  m o is tu re  con te n t o f 
the  b u lk  was 4.0 g  H 20 / g  solids. N o  d iffe rence  was 
observed in  the  com p os ition  o f these fra c tio n s  as d e te r
m in ed  by  the  re fra c tiv e  in d e x  o f equal co n ce n tra tio n  
so lu tions.

In  fre e z e -d ry in g  o f sam ples w h ic h  developed a surface 
laye r, a cons tan t ra te  p e rio d  was observed. O th e r  au thors , 
in c lu d in g  L a m b e rt e l a l. (1 9 6 2 ) and B u rk e  et al. (1 9 6 4 ) 
have also observed constan t ra te  pe riods, and have ana
lyzed  fre e z e -d ry in g  da ta  on the  basis o f ex is tence o f a 
cons tan t ra te  and a fa ll in g  ra te  pe riod . O u r  exp e rim e n ts  
show  th a t a constan t d ry in g  ra te  m ay be due to  th e  surface 
resistance w h ic h  is the  m a jo r  com ponent o f the  resistance 
to  mass f lo w  d u r in g  the  in it ia l p e rio d  o f d ry in g , a t least 
un de r con d itions  in  w h ic h  heat tra n s fe r is n o t l im it in g .  
T h is  means th a t the  c r it ic a l m o is tu re  con ten t is dependent 
on the  fre e z in g  process, ge om e try  o f the  sam ple, and 
m ethod  o f p re pa ra tion .

D y e r  (1 9 6 5 ) showed th a t a surface la y e r o f lo w  pe rm e
a b ili ty  is fo rm e d  a t the  surface o f m eat. I n  o u r e x p e r i
m ents a sh o rte r constan t ra te  p e rio d  was observed fo r  
s lush frozen  samples. H a rp e r  et a l. (1 9 5 7 ) m en tioned  
th a t fo r  beef, the p lo t o f the  square o f the  fra c tio n a l w e ig h t 
loss vs. tim e  gave an in te rce p t o f the  tim e  a x is  a t 1 h r. 
T h is  f in d in g , too , can be a ttr ib u te d  to  possib le surface 
resistance.

S evera l in so lub le  and p a r t ia l ly  so lub le  o rg a n ic  so lven ts 
w ere  added to  coffee so lu tio ns  be fore fre e z in g  to  fo rm  a 
fro ze n  so lven t la ye r o f the  top  surface. Benzene reduced 
the surface resistance to  w a te r v a p o r flo w , a lth o u g h  no t 
as e ffe c tive ly  as d id  m echan ica l rem o va l o f the  surface 
layer.
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Table 1. Permeability of freeze-dried systems.
Permeability

Treatment Directdetermination
--- ?-rj X 10ssec-cm mm figMaximum during freeze-drying •

Coffee, slow freezing 4.0 2.0
Coffee, slush freezing 6.5 2.8
Model, slow freezing 2.0
Model, slush freezing 3.4 2.6

Model composition: 
starch.

10% microcrystalline cellulose, 2% potato

D ry in g  f ro m  the  sides and  fro m  the b o tto m  was a 
frequ en t source o f ir re g u la r it ie s  in  the  d ry in g  curves. 
T h is  p ro b lem  was m uch less serious fo r  the m odel system 
tha n  fo r  coffee. D y e r  (1 9 6 5 ) , w h o  experienced a s im ila r  
p rob lem , used several b in d in g  m a te ria ls  to  ge t good th e r 
m a l con tact between the heat source and the  sample. I t  
can be expected  th a t in  com m e rc ia l p rac tice  good th e rm a l 
con tact w i l l  be d if f ic u lt  to  ob ta in .

In  T ab le  1 rep resen ta tive  values o f the  p e rm e a b ility  
constant ob ta ined  b y  the  d ire c t m e thod  and  fro m  the 
d ry in g  process are show n. N o te  th a t in  the  d ire c t m ethod  
the d e te rm in a tio n  was m ade a t —20 °C , w h ile  fo r  the  
fre e ze -d ry in g  process the  te m p e ra tu re  was —25°C . T h is  
tem pe ra tu re  d iffe rence  cou ld  be responsib le  fo r  the  d if fe r 
ences in  p e rm e a b ility  values. T h e  w a te r v a p o r pressure 
a t the in te rfa ce  was ob ta ined  fro m  the  te m pe ra tu re  fo r  
pu re  ice. D y e r  (1 9 6 5 ) has show n th a t the solutes p resen t 
lo w e r the v a p o r pressure  o f the  frozen  m ix tu re .

CONCLUSIONS
1. S lo w  fre e z in g  and slush fre e z in g  o f f lu id  system s gave 

pe rm ea b ilit ie s  several tim es h ig h e r tha n  those ob ta ined 
w ith  fas t freez ing .

2. D u r in g  fre e z in g  o f m ost liq u id  system s a v e ry  im 
perm eable surface la ye r o f resistance to  mass flo w  eq u iva 
le n t to  0.3 to  1.4 cm  o f the  n o rm a l d ry  la ye r is fo rm ed .

3. S lush  fre e z in g  o r m echan ica l rem o va l o f the  surface 
la ye r a t a su itab le  tem p e ra tu re  reduces the  surface 
resistance.

4. O n ly  in  the  case o f s lush fro ze n  samples can the 
d ry in g  tim e  be p re d ic te d  by  m a the m a tica l m odels. I n  the  
case o f a n is tro p ic  d is tr ib u tio n s  o f ice c rys ta ls , such as e x is t 
in  samples fro ze n  by  o th e r m ethods, the  p re d ic tio n s  are 
inadequate.

5. I n  genera l, p e rm e a b ility  increases w ith  increas ing  
size o f ice crys ta ls .

6. A  m odel c o n ta in in g  10%  glucose, 10% m ic ro c ry s ta l
lin e  cellu lose, and 2%  po ta to  s ta rch  was fo u n d  use fu l fo r  
the  s tud y  o f mass and heat tra n s fe r a t lo w  tem pera tu res.
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Fatty Acid Composition of the Inner and Outer Layers of Porcine Backfat
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SUMMARY—The effects of energy level, sex and sire upon the fatty acid composition of porcine fackfat were studied in two separate experiments. In both experiments, the inner layer of backfat consistently contained more total saturated fatty acids, primarily accounted for by stearic acid, and contained less palmitoleic, oleic, and linoleic acids than the outer layer. None of the variables in either experiment significantly (P > .05) affected the differences between layers.In Experiment 1, energy levels below 80% of full feed significantly (P < .01) decreased stearic acid content and increased linoleic acid content. In Experiment 2 the fatty acid composition of backfat from pigs fed 80% of full feed did not differ significantly (P > .05) from full-fed pigs.Backfat from spayed gilts had significantly (P < .01) less linoleic acid than that from boars or barrows, while boars had a significantly (P < .01) higher content of linoleic acid than the other sexes. In Experiment 1, the backfat from barrows contained significantly (P < .01) more stearic acid than that from gilts.The data from both experiments indicated that sire significantly (P < .01) affected the linoleic acid content of the backfat, while the results of Experiment 2 also showed significant (P < .01) sire effects upon the palmitic, palmitoleic, and stearic acid contents.
INTRODUCTION

Limited feeding studies w ith  hogs have ge n e ra lly  
resu lted  in  decreased fa t depos ition  w ith  a con com ita n t 
increase in  lean y ie ld . H i ld i tc h  e t  al. (1 9 3 9 ) , S h o rla n d  
et al. (1 9 4 5 ) and M e rk e l et a l. (1 9 5 8 ) re p o rte d  th a t fa t 
de po s ition  o f re s tr ic te d -fe d  hogs was n o t o n ly  s low er, b u t 
the  fa t was so fte r th a n  fu ll- fe d  hogs. H i ld i tc h  et al. (1 9 3 9 ) 
and S ho rla nd  et al. (1 9 4 5 ) in d ica ted  th a t th is  was poss ib ly  
due to  decreased p a lm it ic  acid  and increased de po s ition  o f 
lin o le ic  acid. T h is  was substan tia ted  by D a h l et a l. (1 9 6 5 ) 
w h o  re p o rte d  evidence fo r  p re fe re n tia l de po s ition  o f p o ly 
u n sa tu ra te d  fa t ty  acids, especia lly lin o le ic  acid.

G ree r et a l. (1 9 6 5 ) observed th a t the  degree o f sa tu ra 
t io n  decreased and lin o le ic  acid  increased in  the o u te r la ye r 
o f back fa t o f p igs  re s tr ic te d  to  85%  o f fu l l  feed. T h e y  
no ted th a t fu r th e r  feed re s tr ic t io n  to  70%  caused a decrease 
o f lin o le ic  acid  f ro m  th a t ob ta ined  a t 85%  o f fu l l  feed. 
These same au tho rs  re p o rte d  th a t p a lm it ic  ac id  decreased 
as the feed leve l was re s tr ic te d  to  85% , b u t th a t i t  increased 
as feed leve l was fu r th e r  re s tr ic te d  to  70% .

L u s h  et al. (1 9 3 6 ) in d ica ted  th a t the  back fa t o f g ilts  had 
h ig h e r io d in e  va lues (1 .7  u n its )  th a n  th a t o f litte rm a te  
ba rrow s . Johns (1 9 4 1 ) re p o rte d  th a t io d in e  va lues o f 
back fa t ranged in  decreasing o rd e r f ro m  boars to  g ilts , 
b a rro w s  and spayed g ilts - H e  re p o rte d  th a t the  iod ine  1

1 Present address: Dept, of Animal Science, Oklahoma State 
University, Stillwater, Oklahoma.

values va rie d  in ve rse ly  w ith  the q u a n tity  o f back fa t am ong 
a ll sexes. T h is  same a u th o r observed th a t the  back fa t fro m  
boars con ta ined a h ig h e r leve l o f lin o le ic  ac id  th a n  g ilts , 
ba rro w s  o r spayed g ilts . K o c h  et a l. (1 9 6 8 ) fo u n d  th a t 
back fa t f ro m  b a rro w s  con ta ined m ore  p a lm it ic  and stea ric  
acids and less lin o le ic  ac id  tha n  th a t o f g ilts .

F e w  da ta  are ava ilab le  con ce rn ing  h e r ita b il i ty  o f the  
fa t ty  acid  com p os ition  o f po rc in e  backfa t. H o w e v e r, L u s h  
et al. (1 9 3 6 ) in d ica ted  th a t the variance  in  fa t  firm ne ss  
between li t te rs  s ired  b y  the same boar was s lig h t ly  la rg e r 
tha n  the  variance  between the p ro ge ny  o f d iffe re n t boars 
w ith in  the same year.

T h e re  has been some d isagreem ent as to  w h ic h  la ye r 
o f back fa t is m o re  re a d ily  a lte red  in  its  fa t ty  ac id  com po
s itio n . S in k  et al. (1 9 6 4 ) re p o rte d  th a t the  sa tu ra ted  acids 
(espec ia lly  p a lm it ic  and stearic  ac ids) a re  p re fe re n tia lly  
deposited in  the  in n e r la ye r o f backfa t. These  w o rk e rs  
fu r th e r  ind ica ted  th a t the levels o f pa lm ito le ic , o le ic  and 
lin o le ic  acids decreased as degree o f sa tu ra tio n  increased. 
G a rto n  et a l. (1 9 5 2 ) in d ica ted  th a t d ie t had a g re a te r e ffect 
upon  the  fa t ty  acid  com pos ition  o f the  o u te r la ye r o f back fa t 
th a n  upon  the  in n e r layer.

H o w e v e r, B h a tta ch a rya  et al. (1 9 3 1 ) re p o rte d  th a t d ie t 
had m ore  effect on  the  in n e r la ye r. H i ld i tc h  et a l. (1 9 4 0 ) 
re p o rte d  th a t in  the  e a rly  stages o f in a n it io n , a p re fe re n tia l 
selection occurs fro m  the  reserves o f the  o u te r back fa t 
la ye r, b u t th a t p ro lo nge d  s ta rv a tio n  caused the  la rges t 
degree o f m o b iliz a tio n  f ro m  the in n e r layers.

I n  v ie w  o f these observa tions, the  p resen t in v e s tig a tio n  
was u n de rta ken  to  s tudy  the fa t ty  ac id  com p os ition  b y  gas- 
l iq u id  c h ro m a to g ra p h y  in  the  in n e r and o u te r la ye rs  o f 
po rc ine  back fa t as a re s u lt o f :  1) energy le v e l;  2 )  s e x ; 
and 3 )  sire.

EXPERIMENTAL
Twelve barrows and nine gilts o f Y o rk s h ire  b re e d 

in g  f ro m  th ree  d iffe re n t sires w ere  used in  E x p e r im e n t 1. 
These p igs (one  fro m  each s ire ) w e re  a llo tte d  a t a p p ro x i
m a te ly  100 lb  liv e  w e ig h t to  each o f the  fo llo w in g  seven 
tre a tm e n ts : g ilts  and b a rro w s  fed  3 lb  o f basal ra t io n  
(B ,  T a b le  1) ; g ilts  and b a rro w s  fed  3 lb  o f basal ra t io n  
p lus  1 lb  o f c o rn  s ta rch  (B  +  1) ; g ilts  and  b a rro w s  fed 
3 lb  o f basal ra t io n  p lus  2 lb  o f co rn  s ta rch  (B  +  2 )  ; and 
b a rro w s  fed  3 lb  o f basal ra t io n  p lus  3 lb  o f c o rn  s ta rch  
( B  +  3 ) .

W h e n  the p igs in  each lo t  averaged 125, 150, and 175 lb  
liv e  w e ig h t, respective ly , the  s ta rch  p o r t io n  o f the  ra t io n  
was increased by  0.5 lb  increm en ts , respec tive ly . T h e  
h ighest levels o f d a ily  feed in ta ke  fo r  each fu ll- fe d  sex 
g ro u p  w e re  s im ila r  to  p rev ious  observa tions fo r  fu ll- fe d
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Table 1. Composition of the rations.
Experiment

1
2

Basal ration (weaning to 125 lb)
Basal ration (125 lb to slaughter wt)Ingredients Basal ration1

% % %
Corn 52.8 77.7 86.8
Soybean meal (50%

crude protein) 40.0 15.0 6.5
Meat and bone scraps

(50% crude protein) 5.0 2.5 2.5
A lfa lfa  meal (17%

crude protein) 2.5 2.5
Limestone 0.3 0.6 0.5
Dicalcium phosphate 0.4 0.2 0.2
Trace mineral salt (h i-Zn) 0.5 0.5 0.5
V A T M  (vitam in premix) 1.0 0.5 0.5
Calculated analysis :

Protein 27.0 16.0 12.4
F a t2 2.6 to 3.0 3.9 to 4.0 4.1 to 4.3
Ca 0.9 0.7 0.6
P 0.8 0.5 0.4

1 Energy of basal ration as determined by bomb calorimetry was 
1.90S the rm s/lb ; energy of the corn starch was 1.716 therms/lb. 

2% fat was calculated from M orrison (1957).

pigs. G ross energy o f the basal ra t io n  and the co rn  s ta rch  
was de te rm ined  b y  bom b c a lo r im e try .

I n  E x p e r im e n t 2, fo u r  Y o rk s h ire  X  H a m p s h ire  cross
b red  li t te rs  each c o n ta in in g  fo u r  boars and fo u r  g ilts  w ere  
assigned, tw o  weeks po s t-w ea n in g , to  fo u r  sex g roups  : 
boars, b a rro w s , g ilts  and spayed g ilts . T h e  necessary cas
tra t io n  was p e rfo rm e d  a t th is  tim e- E ach l i t te r  was re p re 
sented in  each sex g ro u p  by  tw o  pigs. O ne p ig  fro m  each 
l i t t e r  and sex g ro u p  was fed  a d  lib itu m  (1 0 0 % ) and the 
o th e r p ig  was re s tr ic te d  to  80%  o f fu l l  feed (see T a b le  1 
fo r  the  com p os ition  o f the ra t io n s ) .  T h e  d a ily  feed in ta ke  
o f the  re s tr ic te d  lo ts  was a d ju s te d  w e ek ly  fro m  the feed 
consum p tion  o f the respective a d  lib itu m  lo ts .

A l l  p igs fro m  bo th  exp e rim e n ts  w ere  s laugh te red  w hen 
the y  reached m a rk e t w e ig h t (a p p ro x im a te ly  225 lb ) .  T h e  
carcasses w e re  a llow ed  to  c h ill at 3 °C  fo r  24 h r. B ack fa t 
samples w ere  excised f ro m  the te n th  r ib  reg io n , placed 
in  po lye thy lene  bags, sealed, frozen  and s to red  a t — 30°C  
u n t i l  analyzed fo r  fa t ty  ac id  com pos ition . A t  the  tim e  o f 
analysis the backfa t samples w e re  d iv id e d  in to  in n e r and 
o u te r layers at the v is ib le  connective  tissue septum . M e th y l 
esters o f fa t ty  acids w ere  p repa red  acco rd ing  to  a rap id , 
lo w  te m pe ra tu re  m e thod  in tro d u c e d  by  M c G in n is  et al.
(1 9 6 5 ).

A  B a rb e r-C o lm a n , M o d e l 20, gas c h r o m a t o g r a p h ,  
equipped w ith  a ra d iu m  io n iz a tio n  de tecto r, was used w ith  
the fo llo w in g  s e ttin g s : a rg o n  gas f lo w  ra te , 154 m l/m in ;  
in je c to r  p o r t  and  de tecto r tem p, 2 4 0 °C ; co lum n  tem p, 
17 5°C ; cell vo ltage , 1250 V  ; and s e n s it iv ity , 1 X 1CL7 am p 
fu l l  scale. T h e  co lum n , 6 f t  X (4  in . (o u ts id e  d ia m e te r) 
copper tu b in g , was packed w ith  12% ethy lene g ly c o l succi
nate on 6 0 /7 0  mesh A n a k ro n  A .

T h e  fa tty  acids w e re  id e n tifie d  by  com parison  w ith  
m e th y l ester s tandards and  the p ro p o r tio n  o f fa t ty  acids 
present was ca lcu la ted by  in te g ra tin g  the area un de r the 
peaks.

S m a ll am ounts ( <  1 ,0% ) o f fa t ty  acids o th e r than 
m y ris t ic , p a lm itic , p a lm ito le ic , stearic, o le ic  and lin o le ic  
acids w e re  observed, b u t are n o t in c lu d e d  in  these resu lts.

T h e  s ta tis tica l p rocedures used w e re  those o u tlin e d  by  
S tee l et al. (1 9 6 0 ).

RESULTS AND DISCUSSION
I n  experiment 1, energy levels be low  80%  o f fu l l  feed 

resu lted  in  m a rke d  changes in  the  fa t ty  acid  com pos ition  
o f back fa t (T a b le  2 ) .  T h e  low est ene rgy  levels (5 7 %  
and 67%  fo r  b a rro w s  and g ilts , re sp e c tive ly ) p roduced  
s ig n if ic a n tly  ( P  <  .01 ) less sa tu ra ted  fa t tha n  th a t fro m  
the co rre spo nd ing  fu ll- fe d  p igs. S tea ric  acid  accounted fo r  
m ost o f th is  decrease in  to ta l sa tu ra ted  fa t ty  acids.

A m o n g  g ilts , p a lm it ic  acid  con ten t also s ig n if ic a n tly  
( P  <  .05 ) decreased as energy leve l decreased. H o w e ve r, 
am ong ba rro w s  the p a lm it ic  acid  con ten t o f the  back fa t 
increased s lig h t ly  in  the 86%  and 72%  o f fu l l  feed lo ts  
com pared to the fu ll- fe d  b a rro w s , b u t then  decreased s ig 
n if ic a n tly  ( P  <  .05 ) as feed was re s tr ic te d  to  57%  o f 
fu l l  feed. T h e re  w ere  no s ig n ifica n t ( P  >  .05) d iffe rences 
in  m y r is t ic  acid con ten t fo r  e ith e r b a rro w s  o r g ilts  a t t r ib u 
tab le  to  energy leve l, a lth o u g h  th is  fa t ty  ac id  tended to  in 
crease a t f ir s t  and then  decrease as energy leve l decreased.

L in o le ic  acid  increased s ig n if ic a n tly  ( P  <  .01 ) as energy 
decreased. T h is  effect became appa ren t w ith  less energy 
re s tr ic t io n  am ong g ilts  tha n  am ong  ba rro w s . A d d it io n a lly ,  
re s tr ic te d  energy levels am ong g ilts  p roduced  a s ig n if i
c a n tly  ( P  <  .05 ) h ig h e r con ten t o f p a lm ito le ic  acid. T h e re  
w e re  no s ig n ifica n t ( P  >  .05 ) d iffe rences in  o le ic  acid 
con ten t o f po rc in e  back fa t a ttr ib u ta b le  to  energy leve l fo r  
e ith e r b a rro w s  o r g ilts . T h e  resu lts  o f E x p e r im e n t 2 
(T a b le  2 )  ind ica te  th a t the re  w ere  essen tia lly  no d if fe r 
ences ( P  >  .05 ) in  the  fa t ty  ac id  com p os ition  o f backfa t 
between fu ll- fe d  p igs o r those lim ite d  to  80%  o f fu l l  feed.

T h e  effects o f ene rgy  leve l upon  the fa t ty  ac id  com po
s it io n  o f po rc ine  back fa t can best be exp la ine d  by  the  w o rk  
o f D a h l et a l . (1 9 6 5 ) w h o  rep o rted  th a t the  po lyu n sa tu 
ra ted  fa tty  acids are p re fe re n tia lly  deposited. A d d it io n a lly ,  
as the leve l o f feed o r energy is re s tr ic te d , less fa t w i l l  be 
deposited, and th a t w h ic h  is deposited is m ore  un sa tu ra ted  
w ith  especia lly m ore  lin o le ic  acid  be ing  la id  d o w n  ( H i l -  
d itc h  et a l . ,  1939 and G ree r et a l . ,  1965).

T h e  lin o le ic  acid  con ten t o f back fa t fro m  the spayed 
g ilts  was s ig n if ic a n tly  ( P  <  .01) lo w e r tha n  th a t fro m  
boars o r  b a rro w s  (E x p e r im e n t 2, T a b le  2 ) .  T h e  backfa t 
o f spayed g ilts  d isp layed  a s ig n if ic a n tly  ( P  <  .05 ) h ig h e r 
con ten t o f to ta l sa tu ra ted  fa t ty  acids tha n  th a t o f the o the r 
sexes. T h e  back fa t o f boars con ta ined  a s ig n if ic a n tly  
( P  <  .01 ) g re a te r am o un t o f lin o le ic  acid  tha n  th a t fro m  
ba rro w s , g ilts  o r spayed g ilts .

I n  E x p e r im e n t 1, the fa t ty  acid  com p os ition  o f the  back
fa t f ro m  o n ly  the  fu ll- fe d  b a rro w s  and g ilts  can be com 
pared. O n ly  s tearic  acid, was s ig n if ic a n tly  (P  <  .01) 
d iffe re n t between b a rro w s  and g ilts .

These sex effects m ay be a ttr ib u te d  to  the  obv ious  h o r
m ona l d iffe rences o r poss ib ly  to  the  actua l d iffe rences in  
am o un t o f ba ck fa t deposited. W ith  re g a rd  to  the la tte r  
suppos ition , the  fu ll- fe d  b a rro w s  in  E x p e r im e n t 1 had an 
average back fa t th ickness o f 1.62 in ., w h ile  the  g ilts  a ve r
aged 1.38 in . I n  e xp e rim e n t 2 the  average back fa t th ic k -
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Table 2. The effect of sex and energy level upon the fa tty acid composition of porcine backfat.1
Experiment 1

Barrows Gilts
Fatty acid:2 B+3 (100%)3-4 B+2 (86%) B+: (72%) B (57%) B+2 (10096)s B+l (83%) B (67%)
14:0, % 1.1 ±  0.1 1.2 ±0 .1 1.3 ± 0 .1  1.1 ± 0 .1  1.0 ±0 .1 1.2 ±  0.1 1.2 ± 0 .1
16:0, % 23.0 ±  0.8“ '" 23.8 ±  0.8” 24.1 ±  0.8b 21.3 ±  0.7“ 23.2 ±  0.8*'» 22.3 ±  0.8a b 21.4 ±  0.7a
16:1, % 3.5 ±  0.2“ » 4.0 ±  0.3a,b 3.5 ±  0.3“ ,b 3.6 ±  0.2“ » 3.4 ±  0.2“ 4.0 ±  0.3*» 4.2 ±  0.2»
18:0, % 18.6 ±  0.5° 15.4 ±  0.4ab 15.4 ±  0.4“ » 14.9 ±  0.5“ » 16 .7±0 .6b 15.5 ±  0,5*'» 13.7 ±0 .4a
18:1, % 46.4 ±  0.9 47.1 ±  0.8 46.6 ±  0.8 47.2 ±  0.8 47.8 ±  0.8 45.9 ±  0.7 47.2 ±  0.8
18:2, % 
Total

7.3 ±  0.5* 8.5 ±  0.5“ 8.8 ± 0 .6 “ 11.8 ±  0.7b 7.9 ± 0 .5 “ 11.2 ±  0.6» 12.3 ±  0.6»

saturated, % 42.8 ±  0.9a 40.4 ±  0.9b,c’a 40.8 ±  0.9b,c,a 37.4 ±  0.8*» 41.0 ±  0.8c'a 38.9 ±  0.8“,b,c 36.3 ±  0.7“

Experiment 2
Level of full feed Sex

Fatty acid: 100% 80% Boars Barrows Gilts Spayedgilts
14:0, % 0.9 ±  0.2 0.8 ± 0 .1 0.8 ±  0.1 0.8 ±  0.1 0.9 ±  0.2 0.8 ±  0.2
16:0, % 19.6 ± 0.3 19.4 ±  0.3 19.2 ± 0 .6  19.5 ± 0 .7 19.2 ± 0.7 20.0 ±  0.8
16:1, % 3.7 ± 0.5 3.5 ± 0.5 3.7 ± 0.5 3.6 ±  0.5 3.8 ±  0.4 3.5 ±  0.6
18:0, % 14.9 ±  0.7 14.9 ±  0.7 15.0 ±  0.8 14.6 ±  0.7 14.8 ± 0.7 15.1 ± 0 .8
18:1, % 46.2 ± 0.8 46.5 ± 0.8 45.6 ± 0.8 46.6 ± 0.9 46.0 ± 0.9 47.1 ± 0.9
18:2, % 
Total

14.8 ± 0.7 14.9 ± 0.6 15.6 ± 0.7C 14.9 ± 0.7a,b 15.3 ± 0.6» 13.4 ± 0.6*

saturated, % 35.3 ± 0.8 35.1 ± 0.9 35.0 ± 0.8“ 34.9 ± 0.9* 35.0 ± 0.8“ 35.9 ± 0.9»

1 A ll means w ith the same superscripts or those w ithout superscripts are not significantly different (P  >  .05).
2 Carbon chain length: number of double bonds. Fatty acids are expressed as % of total methyl esters.
3 Mean ±  standard error of the mean.
‘ The full-fed barrows (100%) received the basal ration (3 lb) plus 3 lb of corn starch da ily; the 86% of fu ll feed barrows received 

the basal (3 lb ) plus 2 lb of corn starch daily, etc.
5 The full-fed gilts (100%) received the basal ration (3 lb ) plus 2 lb of corn starch daily, etc.

ness fo r  boars, ba rrow s , g ilts  and spayed g ilts  was 1.04,
1.31, 1.16 and 1.28 in ., respective ly .

F ro m  the resu lts  o f W h ite  e t al. (1 9 6 4 ) and D a h l et al.
(1 9 6 5 ) , i t  appears th a t as the  am o un t o f back fa t increases, 
a sm a lle r p ro p o r tio n  o f the  fa t  is de rive d  fro m  the p re fe r
e n tia lly  deposited po lyu n sa tu ra te d  fa t ty  acids and a g re a te r 
p ro p o r tio n  o f sa tu ra ted  fa t ty  acids is de rive d  fro m  the  n o n 
l ip id  d ie t com ponents. T h is  re la tio n s h ip  betw een am oun t 
o f back fa t and fa t ty  ac id  com p os ition  in  the p resen t s tudy  
ge n e ra lly  suppo rts  the  above pos tu la tion .

A  s ig n if ic a n t ( P  <  .05 and P  <  .01 in  e xp e rim e n ts  1 
and 2, resp e c tive ly ) d iffe rence  in  lin o le ic  acid con ten t 
a ttr ib u ta b le  to  s ire  was observed (T a b le  3 ) .  I n  a d d itio n , 
in  E x p e r im e n t 2, p a lm itic , pa lm ito le ic , and s tea ric  acid 
con tents  o f the  back fa t w e re  s ig n if ic a n tly  ( P  <  .01) 
a ffected by  sire. T h e  p igs o f s ire  4  e x h ib ite d  a s ig 
n if ic a n tly  ( P  <  .01 ) h ig h e r con ten t o f lin o le ic  and p a lm ito 
le ic  acids tha n  those fro m  the  o th e r sires. H o w e v e r, the 
p igs o f s ire  2 e x h ib ite d  a h ig h e r lin o le ic  acid  con ten t than  
those f ro m  sires 1 and 3, b u t the  p a lm ito le ic  acid  con ten t 
was lo w e r th a n  th a t fro m  sires 1 and 3.

T h e  p igs o f s ire  4  also e x h ib ite d  a s ig n if ic a n tly  ( P  <  
.05) lo w e r con ten t o f s tea ric  acid. T hose  o f s ire  2 e x 
h ib ite d  the h ighest con ten t o f s tea ric  ac id  and d isp layed 
the  low est con ten t o f p a lm it ic  acid. D esp ite  s ta tis tic a lly  
s ig n if ic a n t d iffe rences in  the  in d iv id u a l fa t ty  acid  pe rcen t
ages, the degree o f s a tu ra tio n  rem a ined  fa ir ly  constant 
be tw een sires. T h is  is evidenced by  the  no ns ig n ifica n t 
( P  >  .05 ) d iffe rence  in  to ta l sa tu ra ted  fa t ty  acids between 
sires.

A lth o u g h  the re  w e re  no s ig n ifica n t ( P  >  .05 ) s ire  
d iffe rences fo r  to ta l sa tu ra ted  fa t ty  acids in  E x p e r im e n t 1, 
degree o f s a tu ra tio n  w as in ve rse ly  re la ted  to  lin o le ic  acid 
con tent. A  s im ila r , b u t less m arked , tre n d  was also ob 
served in  E x p e r im e n t 2. S ince energy leve l was ba lanced 
w ith in  sires, and since D a h l et a l. (1 9 6 5 ) re p o rte d  a selec
tiv e  de pos ition  o f p o lyu n sa tu ra te d  fa t ty  acids, these data 
in d ica te  th a t the  a b ili ty  to  se lec tive ly  deposit u n sa tu ra te d  
fa ts , p a r t ic u la r ly  lin o le ic  acid, m ig h t be he ritab le .

T h e  data in  bo th  exp e rim e n ts  in d ica te  th a t the  in n e r 
la ye r o f back fa t was m ore  sa tu ra ted  tha n  the  o u te r la ye r 
(T a b le  4 ) .  T h e  in n e r la ye r o f ba ck fa t f ro m  the  p igs in  
b o th  exp e rim e n ts  con ta ined s ig n if ic a n tly  ( P  <  .01 ) m ore  
s tearic  ac id  and less pa lm ito le ic , o le ic, and lin o le ic  acids 
tha n  the o u te r laye r. T h e re  w e re  no s ig n if ic a n t ( P >  .05) 
d iffe rences fo r  m y r is t ic  o r p a lm it ic  ac id  betw een back fa t 
layers  in  e ith e r exp e rim e n t. These data agree w ith  the 
resu lts  re p o rte d  by  S in k  et al. (1 9 6 4 ).

T h e  analysis o f va riance  o f these da ta  in d ica te d  th a t no 
in te ra c tio n  (P  >  -05) w as observed betw een the  va riab les  
(e n e rg y  leve l, sex and s ire ) and the  fa t ty  ac id  com po
s it io n  o f the  tw o  back fa t layers. These da ta  in d ica te  th a t 
the  fa t ty  ac id  com p os ition  o f po rc in e  ba ck fa t la ye rs  are 
d is tin c t ly  d iffe re n t and these in h e re n t d iffe rences be tw een 
laye rs  are g re a te r tha n  the effects o f en e rgy  leve l, sex o r  
s ire .
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Table 3. The effect of sire upon the fa tty acid composition ofporcine backfat.1

Experiment 1 Sire
Fatty acid :2 l3 2 3
14:0, % 1.2 ±0 .1 1.1 ± 0 .1 1.2 ±  0.1
16:0, % 23.3 ±  0.2 22.5 ± 0.3 22.4 ±  0.3
16:1, % 3.5 ± 0.1 3.8 ± 0.1 4.0 ± 0.1
18:0, % 16.0 ± 0.5 15.9 ±  0.5 15.4 ± 0 .5
18:1, % 47.0 ± 0.7 47.0 ±  0.7 46.6 ±  0.8
18:2, % 
Total

9.0 ±  0.3* 9.7 ±  0.4” ,b 10.4 ±  0.4“ ,b

saturated, % 40.5 ±  0.8 39.6 ±  0.8 

Experiment 2
Sire

38.9 ±  0.9

Fatty acid: 1 2 3 4

14:0, % 0.8 ±  0.1 0.8 ±  0.2 0.8 ±  0.1 0.9 ± 0.2
16:0, % 19.5 ± 0.7b 18.9 ± 0.6“ 19.7 ± 0.9b 19.8 ± 0.7”
16:1, % 3.6 ± 0.5“ 3.3 ± 0.4“ 3.6 ± 0.4“ 4.0 ± 0.4b
18:0, % 14.8 ± 0.5b 15.9 ±0 .5 ° 14.9 ± 0.5b 14.0 ± 0.4“
18:1, % 47.0 ± 0.7 46.2 ± 0.6 46.7 ± 0.6 45.4 ± 0.6
18:2, % 
Total

14.3 ± 0.3“ 14.9 ± 0.3“ 14.2 ± 0.3“ 15.9 ±  0.3b

saturated, % 35.2 ± 0.9 35.6 ± 0.8 35.4 ±  0.7 34.7 ±  0.7

1 A ll means w ith the same superscripts or those w ithout superscripts are not significantly 
different (P  >  .05).

2 Carbon chain leng th : number of double bonds. Fatty acids are expressed as %  of total 
methyl esters.

3 Mean ±  standard error of the mean.

Table 4. The effect of backfat layer upon the fa tty acid composition of porcine backfat.1
Experiment

1 2
Backfat layer Backfat layer

Fatty acid:2 Inner3 Outer Inner Outer
14:0, % 1.1 ±  0.2 1.2 ±  0.2 0.8 ±  0.2 0.9 ±  0.2
16:0, % 22.8 ±  0.3 22.7 ±  0.3 19.8 ±  0.6 19.2 ±  0.6
16:1, % 3.4 ±  0.2“ 4.1 ±  0.2” 3.5 ±  0.4“ 3.7 ±  0.5b
18:0, % 17.9 ±  0.4b 13.7 ±  0.3“ 16.8 ±  0.3b 12.9 ±  0.3“
18:1, % 45.9 ±  0.7“ 47.8 ±  0.8" 45.1 ±  0.7“ 47.5 ±  0.8b
18:2, % 
Total

9.0 ±  0.4“ 10.5 ±  0.4b 13.9 ±  0.2“ 15.8 ±  0.4b

saturated, % 41.7 ±  0.8b 37.6 ±  0.7“ 37.4 ±  0.8b 33.0 ±  0.7“

1 A l l  means w ith the same superscripts or those w ithout superscripts are not significantly 
different (P  >  .05) w ith in  each experiment.

2 Carbon chain leng th : number of double bonds. Fatty acids are expressed as % of total 
methyl esters.

3 Mean ±  standard of error of the mean.

Dahl, O. and Persson, Kai-Ake. 1965. Properties of animal depot 
fat in relation to dietary fat. / .  Sci. Food A gric. 16, 452.

Garton, G. A., H ild itch, T. P. and Meara, M. L. 1952. The com
position of the depot fats of a pig fed on a diet rich in whale 
oil. Biochem. J . 50, 517.

Greer, S. A . N., Hays, V . W ., Speer, V. C., McCall, J. T. and 
Hammond, E. G. 1965. Effects of level of corn- and barley- 
base diets on performance and body composition of swine. 
J .  Animat Sci. 24, 1008.

H ild itch, T . P., Lea, C. H . and Pedelty, W . H . 1939. The in flu
ence of low and high planes of nutrition on the composition and 
synthesis of fa t in the pig. Biochem. J . 33, 493.

H ilditch, T. P. and Pedelty, W . H . 1940. The influence of pro
longed starvation on the composition of pig depot fats. B io 
chem. J .  34, 40.

Johns, A. T. 1941. The influence of sex upon the composition of 
the fat of the pig. N ew  Zealand J .  Sci. 1  ech. 22, 248A.

Koch, D. E., Pearson, A. M., Magee, W. T., Hoefer, J. A. and 
Schweigert, B. S. 1968. Effect of diet on the fa tty acid compo
sition of pork fat. / .  Anim al Sci. (in  press).

Lush, J. L., Thomas, B. H., Culbertson, C. C. and Beard, F. J. 
1936. Variations in the softness of lard produced in the record 
of performance testing. Proc. A m er. Soc. Anim al Prod. 29, 
258 (abstract).

McGinnis, G. W . and Dugan, L. R. Jr. 1965. A  rapid low tem
perature method for preparation of methyl esters of fatty acids.
J .  A m er. Oil. Chem. Soc. 42, 305.

Merkel, R. A., Bray, R. W., Grummer, R. H., Phillips, P. H . and 
Bohstedt, G. 1958. The influence of lim ited feeding, using 
high fiber rations, upon growth and carcass characteristics of 
swine. I I .  Effects upon carcass characteristics. / .  Anim al Sci. 
17, 13.

Morrison, F. B. 1957. “ Feeds and Feeding,” 22nd ed. Morrison 
Publishing Co., Ithaca, New York.



180— JOURNAL OF FOOD SCIENCE— Volume 3 3  (1 9 6 8 )

Shorland, F. B. and de la Mare, P. B. D. 1945. Studies on the 
fats of the bacon pig w ith  reference to carcass quality : The 
effect of diet on the component fatty acids of the back fat. 
/ .  A gric . Sei. 35, 33.

Sink, J. D., Watkins, J. L., Ziegler, J. H . and M ille r, R. C. 1964. 
Analysis of fat deposition in swine by gas-liquid chromatog
raphy. / .  Anim al Sei. 23, 121.

Steel, R. G. D. and Torrie, J. H. 1960. “ Principles and Procedures 
of Statistics.”  M cG raw -H ill Book Co., New York.

White, A., Handler, P. and Smith, E. L. 1964. “ Principles of 
Biochemistry,”  3rd ed. M cG raw -H ill Book Co., Inc., New 
York.

Ms. accepted 2/14/68.

Journal article No. 4128, of the Michigan A gricu ltu ra l E xperi
ment Station, East Lansing, Michigan.

The authors wish to express their appreciation to Doctors J. A. 
Hoefer and R. H. Hines for providing the experimental units for 
this study.

D . W . QUASS and E. J. BRISKEY
Department of Meat and Anim al Science, University of Wisconsin, Madison

A  Study of Certain Properties of Myosin from Skeletal Muscle

SUMMARY—This investigation was conducted (a) to establish a procedure for purifying a stable myosin preparation from pig skeletal muscle and (b) to evaluate the enzymatic activity and associated characteristics of purified myosin, isolated at death from skeletal muscles which ultimately have varying rates of hydrolysis of ATP in situ during the first half-hour after death. Rabbit muscles were also used for comparative purposes. Myosin preparations were found to be pure (by ultracentrifugation, Sephadex separation and superprecipitation tests) and stable with normal values for SH groups. The Ca++-activated ATPase activities of myosin extracted from PSE Poland China pigs were significantly greater than those from Chester White pigs and normal Poland China pigs. EDTA-activated ATPase activities were greater in myosin from PSE Poland China than in normal Poland China.
INTRODUCTION

Tiie primary biochemical characteristic of myosin is 
its enzymatic activity with respect to the hydrolysis of 
ATP (Engelhardt e t  al. . 1939). The ATPase activity of 
purified myosin is related to the ATPase activity of recon
stituted actomyosin (Barany, 1967 ) and to the interaction 
between actomyosin and ATP in  v i v o , (i.e., muscular 
contraction, Mommaerts, 1950, 1966; Davies, 1963).
Substantial differences have been reported in the 

ATPase activity of myosin extracted from the skeletal 
muscle of various species (Bailey, 1942; Perry, 1960). In 
addition, as an animal grows, there is a concurrent pro
gressive increase in its myosin ATPase activity (Trayer 
e t  al., 1966 ; Perry e t  al., 1963; Barany e t  al., 1965a; 
Khyl’ko, 1965). Finally, several workers have recently 
demonstrated that, within the same animal, myosin ex
tracted from white muscle has higher ATPase activity 
than that from red muscle (Barany e t  al., 1965b ; Sreter 
e t  al., 1966; Seidel e t  al., 1964). These findings substan
tiate the suggestion (Perry, 1960) that myosin is an 
adaptive enzyme.
An increased rate of hydrolysis of ATP during the first

half-hour after death in the muscles of the pig (Briskey 
e t  al., 1961; Bendall e t  al,, 1962) has been related to the 
development of the pale, soft, exudative (PSE) condition 
(Briskey, 1964), but the relationship of the enzymatic 
activity of myosin in  v i t r o to this increased ATPase post
mortem in  s i tu and the consequent PSE condition has not 
been established.
This preliminary investigation was conducted: (a) to 

establish a procedure for purifying a stable myosin prepara
tion from pig skeletal muscle which is high in lipid content, 
(lipids are known to affect myosin stability and ease of 
purification) (Lynn, 1965; King et al., 1962), and (b) to 
evaluate the enzymatic activity and associated character
istics of purified myosin, isolated at death from skeletal 
muscles which subsequently have varying rates of hydroly
sis of ATP in  s i tu .
The muscle used was the longissimus dorsi from Ches

ter White and Poland China pigs, of which the latter were 
divided into two groups depending on whether or not 
they developed the PSE condtion. Since most of the 
previously reported studies on purified myosin have been 
performed using rabbit muscle, preparations from the lon
gissimus dorsi of this species were also evaluated for 
comparison purposes.

MATERIALS AND METHODS
Muscle source

At the time of death the longissimus dorsi muscles from 
five or six animals in each of the following four groups 
were used in this study: (a) Chester White pigs which 
ultimately had normal muscle characteristics post-mortem 
(slow ATPase activity in  s i tu soon after death), (b) 
Poland China pigs which also ultimately had normal mus
cle characteristics post-mortem, (c) Poland China pigs 
which ultimately had PSE muscle characteristics post
mortem (rapid ATPase activity in  s i tu soon after death), 
and (d) New Zealand white rabbits. The rabbits and pigs 
were immobilized and exsanguinated directly or injected,
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r e sp ec tiv e ly , w ith  so d iu m  p en to b a rb ita l ( 9 0  m g )  and  
a -tu rb o cu ra rin e  ch lo r id e  (1 .5  m g )  or n em b u ta l a n d  D ia l 
w ith  u reth a n e  ( 5 0 / 5 0 )  (0 .3  m l /k g )  p r io r  to  e x sa n g u in a -  
tion .

Myosin preparation

M y o sin  w a s  p rep a red  a cco rd in g  to  th e  flo w  d iagram  
o u tlin ed  in  F ig . 1. T h e  p ro ced u re , a  m o d ifica tio n  o f th e  
ea r ly  p ro ced u res  o f S z e n t-G y o r g y i ( 1 9 4 2 )  a n d  M o m -  
m a erts  ( 1 9 5 0 ) ,  u tiliz e d  so m e  o f th e  c h a n g e s  a d a p ted  by  
A z u m a  et al. ( 1 9 6 5 )  an d  b y  S e r a y d a r ia n  et al. ( 1 9 6 7 a )  
and w a s  o th e r w ise  m o d ified  to  fit o u r  e x p e r im e n ta l c o n d i
tio n s. S p ec ia l a tte n tio n  sh o u ld  be d irec ted  to w a rd  cer ta in  
d eta ils  o f th e  p ro ced u re .

S te p  I V , th e  filtra t io n  th r o u g h  g la s s -w o o l, w a s  in c lu d ed  
b eca u se  o f th e  c o p io u s  q u a n tit ie s  o f lip id  m a ter ia l in  m y o s in  
e x tr a c ts  fro m  p ig  m u sc le . T h e  m y o s in  w a s  p ro tec ted  fro m  
th e  a d v erse  e ffec ts  o f g la s s -s u r fa c e s  b y  fir st w a sh in g  th e  
g la s s -w o o l tw ic e  w ith  E D T A  to  r e m o v e  h e a v y  m eta ls , th en  
w ith  d e io n iz e d  w a ter  sev era l tim es to  r e m o v e  th e  E D T A ,  
a n d  fin a lly  w ith  0 .5 M  KC1. T h is  w a s  th e  o n ly  step  in  th e  
p ro ced u re  in  w h ic h  g la s s -su r fa c e s  w e r e  u s e d ; a ll b ea k ers, 
c e n tr ifu g e  tu b es , e tc . w e r e  o f  p la s tic  co m p o s itio n .

A llo w in g  th e  so lu tio n  to  rem a in  u n d is tu rb ed  fo r  2 0  m in  
at 0 .2 7 M  KC1, in  S te p s  V  an d  V I I ,  en h a n ced  th e  co m p le te  
p rec ip ita tio n  o f c o n ta m in a tin g  a c tin  a s a c to m y o s in  (A z u m a  
et al., 1 9 6 5 ) .  P r e c ip ita t io n  o f  th e  m y o s in , in  S te p s  I I ,  V I  
an d  V I I I ,  w a s  in it ia te d  b y  d ilu tin g  th e  so lu tio n  s lo w ly  to  
0 .0 6 4 /  KC1. T h is  p rec ip ita tio n  w a s  th e n  en h a n ced  by  
s t ir r in g  s lo w ly  fo r  a b o u t 2  m in  b e fo re  d ilu tin g  fu r th er  to  
0 .0 3 M  KC1.

W a s h in g  th e  c o lle c te d  m y o s in  p rec ip ita te  w ith  0 .0 3 M  
KC1 in  S te p s  I I I ,  V I I  an d  I X , p r o v id e d  so m e  a d v a n ta g es  
w h ic h  m a y  be o f o n ly  m in o r  im p o rta n ce . T h e  v o lu m e  o f  
th e  co llec ted , w a sh e d  p rec ip ita te  co u ld  be m ea su red  m o re

MYOSIN PREPARATION FLOW DIAGRAM
EXCISE MUSCLE IMMEDIATELY F-OST-MORTEM 
CHILL IN ICE, MINCE AND EXTRACT X-

r; —FILTRATE-nDILUTE WITH 24 VOL. H2O/WT. MUSCLE, USE SLOW STIRRING 
| LET SIT FOR TWO HOURS DECANT AND SPIN AT 1400 XG FOR 20 MIN.

• WASH ONCE WITH .03 M KCI
• DISSOLVE IN TRIS-KCl XXX, DILUTE TO .5 M KCI SPIN AT 35OOOxG FOR 20 MIN.

DISCARDWATER-SOL. PROTEINS, 
RNA. ETC.

pHtolUUt-
DISCARDMYOFIBRILS u  FILTER THROUGH EDTA-WASHED, .5 M KCI-WASHED COLD GLASS-WOOL 

- RESIDUE--L supernate_H
-  DILUTE TO .27 M KCI 
* I LET SFT FOR 20 MIN.
SPIN AT 25,000 xG FOR 30 MIN.

DILUTE TO .033 M KCI, USE SLOW STIRRING 
[LET SIT FOR 20 MIN.SPIN AT 1400 xG FOR 20 MIN.

WASH ONCE WITH .03 M KCI 
DISSOLVE IN TRIS-KCI, DILUTE TO .27 M KCI 

| LET SIT FOR 20 MIN.
SPIN AT 35,000 xG FOR 30 MIN.

DISCARD
WATER-SOL. PROTEINS,

J--KfcoILH
DISCARD
ACTOMYOSIN

-SUPERNATE-- 1

■vnr DILUTE TO .03 M KCI, USE SLOW STIRRING 
| LET SIT FOR 20 MIN.

SPIN AT 1400xG FOR 20 MIN.
ESI DUE------ 1— SUPERNATE----------------

_  WASH ONCE WITH .03 M KCI 
lA DISSOLVE IN 2 M KCI

DILUTE TO .5 M KCI, 20mM TRIS-HCI, pH 7.0 XXXX
X- THE TEMPERATURE HEREAFTER IS MAINTAINED AT 2-4 °C 
XX GUBA-STRAUB SOLUTION <0.15 M KH2 PO4, 0.3 M KCI, pH 6.5)
XXX TRIS-KCI (.17 M TRIS-ACETATE, 1.3 M KCI, pH 6.8 )
XXX X FOR STORAGE, MIX IN AN EQUAL VOL. OF COLD GLYCEROL AND STORE IN FREEZER

F ig . 1. M y o s in  p r e p a r a t io n  f l o w  d ia g r a m .

a ccu ra te ly , and  th is  k n o w le d g e  a lo n g  w ith  a  k n o w le d g e  of 
th e  K C I co n cen tra tio n  o f  th e  g e l p r o v id e d  a  finer co n tro l  
o f  th e  K C I co n cen tra tio n  in  su b seq u e n t step s . K n o w le d g e  
o f th e  v o lu m e  o f  th e  p r e c ip ita te  a lso  p r o v id e d  ro u g h  e s t i
m a tes  o f th e  y ie ld s  at th e se  s te p s  in  th e  p roced u re . F in a lly , 
th is  p reca u tio n a ry  w a sh  p ro v id ed  fu r th er  o p p o r tu n ity  fo r  
th e  rem o v a l o f c o n ta m in a tin g  w a te r -so lu b le  p r o te in s , n u -  
c le o p r o te in s  or free  n u c leo tid es , b u ffers an d  lip id s .

T h e  p u rified  m y o s in  p rep a ra tio n s , a d ju s te d  to  0 .5 M  
K C I, 2 0  m M  T r is - H C l, p H  7 .0 , a t a  c o n cen tra tio n  o f  
ab ou t 4 0  m g /m l,  w e r e  a n a ly zed  w ith in  fiv e  d a y s  o r  sto red  
in  g ly c e r o l a t —2 0 ° C. T h e  tem p era tu re  o f a ll so lu tio n s  
an d  eq u ip m en t w a s  m a in ta in ed  a t 4 ° C  th r o u g h o u t th e  
p ro ced u re  e x c e p t d u r in g  c e n tr ifu g a tio n  w h e n  th e  ro tor  
ch a m b er w a s  m a in ta in ed  at 0 °C .

Estimations of purity

Ultracentrifugation. T h e  u ltr a c e n tr ifu g a tio n  w a s  p e r 
fo rm ed  u s in g  a S p in c o  M o d e l E  A n a ly tic a l U ltr a c e n tr i
fu g e  eq u ip p ed  w ith  e lec tro n ic  sp eed  co n tro l, a u to m a tic  
tem p era tu re  co n tro l and  a d ju s ta b le  o p tica l co m p o n en ts . 
T h e  A N - D  ro to r , o p era ted  a t 6 0 ,0 0 0  R P M  a n d  2 0 °C ,  
co n ta in ed  tw o  12 m m  c e lls  w ith  K e l - F  ce n te r p ie c e s , on e  
h a v in g  a p la in  q u artz  u p p er  w in d o w , th e  o th er  h a v in g  a  1° 
p o s it iv e  w e d g e  q u artz  u p p er  w in d o w . T h e  seq u en ce  o f 
sc h lie r e n  p a ttern s  w a s  o b ta in ed  fro m  m y o s in  sa m p les  d i
lu te d  to  2  m g /m l in  0 .5 M  K C I, 2 0  m M  T r is - H C l, p H  7 .0 , 
w ith  a u to m a tic  16 m in  p h o to g r a p h ic  seq u en ce  an d  3 sec  
e x p o su r e .

Sephadex G-200 separation. T h e  S e p h a d e x  G -2 0 0  w a s  
p u rch a sed  fro m  P h a rm a c ia  ( L o t  N o . 7 3 6 7 )  a n d  p rep a red  
fo r  c o lu m n  p a ck in g  b y  a llo w in g  to  h y d ra te  in  e x c e s s  
d e io n iz e d  w a ter  for  th ree  d a y s  at ro o m  tem p era tu re . T h e  
sm a ll a n a ly tica l co lu m n s (1  X 2 8  c m ) w e r e  p a ck ed  at 
ro o m  tem p era tu re , th en  eq u ilib ra ted  a t 4 ° C  w ith  0 .5 M  
K C I, 2 0  m  M  T r is , p H  7 .0 . E lu t io n  o f  th e  sa m p le , w ith  
th e  eq u ilib ra tin g  bu ffer , w a s  b y  g r a v ity  flo w  ( 6 - 1 2  m l /h r )  
u s in g  a  h y d r o sta tic  h ead  w h ich  d id  n o t e x c e e d  15 cm . T h e  
e lu tio n  p a ttern s  w e r e  o b ta in ed  a fter  a p p lica tio n  o f 1 0 -2 0  
m g  o f m y o s in  in  1 -2  m l by m e a su r in g  th e  o p tica l d en sity  
o f th e  c o llec ted  fra c tio n s  at 2 8 0  m/x an d  at 2 5 0  m/x.

Extinction coefficients. T h e  e x t in c t io n  co effic ien ts  at 
2 8 0  m /i a n d  2 5 0  m/x w e r e  ca lcu la ted  b y  d iv id in g  th e  o p tica l 
d e n s ity  o f th e  m y o s in  so lu tio n  b y  th e  p ro te in  co n cen tra tio n  
o f th a t so lu tio n . T h e  m y o s in  so lu tio n s  w e r e  d ilu ted  to  
0 .5  m g /m l in  0 .5 M  K C I, 2 0  m  M  T r is , p H  7 .0 . T h e  o p ti
ca l d e n s ity  a t 2 8 0  m/x an d  at 2 5 0  m ^  w a s  d e term in ed  in  
a 1 cm  ce ll in  a  B eck m a n  D B  S p e c tr o p h o to m e te r  u s in g  th e  
so lv e n t  as a  re feren ce . T h e  p r o te in  c o n cen tra tio n  w a s  
d eterm in ed  u s in g  a  b iu ret p ro ced u re . T h e  ra tio  o f th e  
e x t in c t io n  co effic ien ts , “ R ” , w a s  ca lcu la ted  b y  d iv id in g  th e  
o p tica l d e n s ity  a t 2 5 0  m/x b y  th e  o p tica l d e n s ity  a t 2 8 0  m/t.

Estimation of protein concentration

T h e  co n cen tra tio n  o f p ro te in  in  th e  d ilu ted  m y o s in  so lu 
tio n s  w a s  d e term in ed  b y  the G o rn a ll et al. ( 1 9 4 9 )  b iu ret  
p ro ced u re . C r y sta lliz e d  b o v in e  se r u m  a lb u m in  w a s  u sed  
as th e  sta n d a rd  an d  0 .5  M  K C I, 2 0  m  M  T r is , p H  7 .0  as 
th e  b lank . T h e  o p tica l d e n s ity  a t 5 4 0  m/x w a s  m ea su red  
in  a  1 o r  4  cm  c e ll in  a  B e c k m a n  D B  S p e c tr o p h o to m e te r  
u s in g  b iu ret p lu s  w a ter  as th e  re feren ce .
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Estimation of sulfhydryl group content
The method used for estimating the free SH content of 

the myosin preparations was Boyer's (1954) pCMB titra
tion as modified by Sela et al. (1959) and further modified 
by Seraydarian et al. (1967b). This procedure involved 
titration of the free, readily reactive SH groups with a 
mercurial, pCMB, to form a mercaptide. The concentra
tion of the titrating solution, which was diluted to about 
0.07 mM  pCMB, was determined spectrophotometrically. 
(The molar extinction coefficient at 232 ni/u. of neutralized 
pCMB is 16.9 X 106 cm2 /mole, Boyer, 1954.) The con
centration of the myosin to be titrated, which was diluted 
to 0.5 mg/ml, was determined by the aforementioned biuret 
procedure.

After allowing the protein and pCMB to react at room 
temperature, for at least 7 hr, the optical density of each 
tube at 255 mg was measured in a Beckman DB Spectro
photometer using H 20  as the reference. The intersection 
of the two straight lines obtained by plotting for each 
tu b e; the optical density at 255 mg versus the ml of pCMB 
titrating solution added was the equivalence point and was 
related to the number of free SH groups per unit weight 
of protein (Fig. 2 ).

ATPase activity
The time course of the hydrolysis of A T P  (media de

scribed in captions to appropriate figures) at 30°C was 
followed by taking aliquots at four time intervals and 
estimating the amount of inorganic phosphate produced 
using the method of Fiske et al. (1925). The myosin was 
diluted to a concentration of 2 mg/ml for the Ca++-activated 
ATPase and 0.5 mg/ml for the EDTA-activated ATPase. 
One ml of the respective enzyme solution was used in a 
total reaction mixture of ten ml. The reaction was started 
by adding the A T P  (within one minute after adding the 
enzyme) and stopped by mixing a 2  ml aliquot with 1 ml 
of cold 15% TCA.

Following centrifugation, 2 ml of the supernate were 
added to 2.3 ml of H 20  and 0.5 ml of 2.5% ammonium 
molybdate in 5N  H 2 SO 4 . Immediately thereafter, 0.2 ml

DETERMINATION OF -SH GROUPS

ml pCM B (.0 6 9 0 m M )

F ig .  2. E s t i m a t i o n  o f  S H  g r o u p s  in  m y o s in  b y  p C M B  t i t r a t io n :
1 .0  m l  of  m y o s in  a t  0.5 m g / m l  in 0 .5M K C l ,  20  m.M T r i s ,  p H  7 .0 ;
1 .0  m l  o f  b u ffe r  ( 1 .5 M  K C l ,  65  mM T r i s ,  p H  7 . 5 ) ;  0 - 1 .0  m l  of  
0 .07  m U  p C M B ;  1 .0 - 0  m l  o f  H t O.

of Fiske-SubbaRow reducer were added and the color 
allowed to develop for 10 min. It was found that repro
ducible results could best be obtained by holding in a 
37°C water bath during this color development period. 
The optical density at 660 mg was measured in a 1 cm 
cell in a Beckman DB Spectrophotometer using H aO as 
a reference. A solution of K H 0 P O 4 was used for stan
dards and a solution containing 1 mM  A T P  only used as 
a blank. The slope of the line obtained by plotting mM  
Pi in the reaction mixture versus time was used to calcu
late the enzymatic activity.

The myosin ATPase activity was determined both in 
the presence of the activator during a 3 min total reaction 
time and in the absence of the activator during a 30 min 
total reaction time.

RESULTS A N D  DISCUSSION
The difficulties involved in purifying myosin extracted 

from pig muscle, which contains large quantities of lipid 
material, have been resolved without using extremely rig
orous or time-consuming steps (see Fig. 1). The entire 
procedure can be completed in a single day. Most of the 
lipid contamination in the initial myosin extract was re
moved by filtering through glass-wool, and the slight 
lipid film which was still visible following Step V dis-

DETERMINATION OF ATPase ACTIVITY
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F ig .  4. S c h l i e r e n  p a t t e r n  o f  p u r i f i ed  m y o s in  i s o la t e d  f r o m  p ig  
m u s c le :  A .  C h e s t e r  W h i t e  m y o s in  (1 .99  m g / m l ) ;  B .  P S E  P o la n d  
C h in a  m y o s in  (1 .90  m g / m l ) .  P r o t e i n  i s  in 0 .5 M K C l ,  20  ;;iM T r i s ,  
p H  7.0  60,000 r p m ,  2 0 ° C ,  56  m in  a f t e r  2 / 3  sp e ed .

appeared with further purification just as it did with 
myosin purified from rabbit muscle.

The techniques used to estimate the purity of these 
myosin preparations indicated that myosin of a high degree 
of purity was isolated from each of the muscle sources. 
These preparations contained very little lipid or nucleo
tide contamination, appeared homogeneous in the ultra
centrifuge (Fig. 4) (Schachman, 1959), and showed no 
detectable actin contamination by the superprecipitation 
test of Azurna et al. (1965). (This test will demonstrate 
the presence of as little as three parts of actin per 1 0 0 0  

parts of myosin.)
Furthermore, preliminary storage experiments on these 

preparations have revealed adequate stability at 0°C for 
2 weeks at a concentration of 20 mg/ml in O.SM KCl, 
20 mM  Tris, pH 7.0, and excellent stability in 50% 
glycerol at 20°C for several weeks. However, after two 
weeks, the SH content began to decrease and a visible 
dimer appeared in the schlieren patterns in the ultracentri
fuge (Fig. 5). After eight weeks, the SH content was 
decreased to about 5 moles/105 g and the EDTA-activated 
ATPase activity decreased along with the decrease in SH 
content. Storage in 50% glycerol at —20°C retarded 
these deteriorations (Fig. 5).

I t has been previously reported (Richards et al., 1967) 
and was confirmed in this report that myosin dimers can 
be separated from the monomers by filtration through an 
inverse molecular sieve (i.e. Sephadex). Small analytical 
columns were used in this study for the purpose of ex
pediency. Myosin was eluted from the column after one

void volume (Fig. 6 ) with the dimer being concentrated 
in the leading edge of the peak (Fig. 5).

Myosin from these preparations, when eluted from the 
columns, did not reveal the large trailing shoulder which 
was observed in other reports (Richards et al., 1967; 
Smoller et al., 1964). This trailing shoulder would con
tain nucleoproteins or myosin bound to contaminating 
nucleotides, as well as some free nucleotides. The small 
amount of trailing material which was obtained from these 
preparations had a maximum absorbance at 260 mg which 
indicated that a slight contamination of this nature was 
present and was eluted in the expected manner. This 
fraction was anticipated by the large increase in the ratio 
of the optical densities (R  =  OD/o.joODoso) as seen in 
Fig. 6 .

Note the change in “R ” within the leading edge of the 
peak. The fraction which demonstrated the presence of a 
dimer in the ultracentrifuge had a slightly greater “R ” 
than that freed of the dimer (determined after diluting 
both to about 0.5 mg/ml since there was a slight concen
tration dependence). This difference in “R ” was even 
greater when one compared the main fraction with the 
leading edge which would contain an even higher propor
tion of dimer. The ratio in this leading edge was also 
greater than that of the sample (diluted) before applica
tion to the column.

F ig .  5. S c h l ie r e n  p a t t e r n s  of  p u r i f i ed  p ig  m y o s in :  A .  P S E  
P o l a n d  China  m y o s in  (2 .05  m g / m l )  a g e d  2  zv e e k s  a t  0 ° C ;  B .  R a b b i t  
m y o s in  (2 .05  m g / m l )  s t o r e d  in  5 0 %  g l y c e r o l  a t  —2 0 ° C. 3 8  an d  54  
m in  a f t e r  2 / 3  s p e e d ;  C. F r a c t i o n  N o .  3  f r o m  a S e p h a d e x  G -200  
c o lu m n  (2.41 m g / m l ,  s e e  a lso  F ig .  6 ) ;  D .  F r a c t io n  N o .  2 f r o m  a  
S e p h a d e x  G -2 0 0  c o lu m n  (2 .40  m g / m l ,  see  a lso  F ig .  6 ) .  42  m in  
a n d  5 8  m in  a f t e r  2 / 3  s p e e d  60 ,000 r p m ,  2 0 ° C ,  in 0 .5M K C l ,  20  tn M  
T r i s ,  p H  7.0.
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F ig .  6. E lu t io n  p a t t e r n  of  m y o s in  f i l t e r e d  th r o u g h  a 1 X 28 in. 
S e p h a d e x  G -2 0 0  c o lu m n  a t  6 - 1 2  m l / h r ,  4 ° C .  S a m p l e  s i s e  i s  1 m l  
of 15  m g / m l  in  0.5 M K C l ,  2 0  mM T r i s ,  p H  7.0. V e  =  e lu t ion  
v o lu m e ,  V o  =  v o i d  v o lu m e  8  m l ,  R  =  O D 2 5 0 / O D 2 8 0 .

Preliminary storage experiments demonstrated that “R ” 
increased with duration of storage and that this increase 
was accompanied by the appearance of a dimer in the 
schlieren patterns from the ultracentrifuge, and by the 
decrease in SPI content and EDTA-activated ATPase 
activity as has already been mentioned. However, it re
mains to be demonstrated that the dimers have a lower 
SH content than the monomers from which they were 
separated, in order to ascertain whether dimerization 
occurs through intermolecular disulfide formation. I t may 
be that fatty acids or nucleotides provide these inter
molecular cross-links.

It appears that R, the ratio of the OD 2 5 0  to the OD280, 
may be used as an estimate of purity both with respect to 
nucleotide contamination and with respect to the forma
tion of dimers.

A scan of the absorbance of myosin dissolved in 0.5M  
KCl, 20 m l  Tris, pH 7.0, using the solvent as the refer
ence, showed a maxima at 280 mg. and a minima at 250 mg 
which led to the determination of the extinction coeffi
cients at these two wavelengths (see Long, 1961). The 
average extinction coefficient (Fig. 7) at 280 mg (E 1%2 8 o 
=  5.2) for rabbit myosin was lower than most values 
reported in the literature (Trayer et a l . ,  1966; Milhalyi 
et a l . ,  1966; Gellert et a l . ,  1963 ; Woods et a l . , 1963; 
Kielley et a l . ,  1960) and was doser to the theoretical value 
of 4.90 (Kielley et a l . ,  1960) based on the amino acid 
composition of rabbit myosin.

The similarity in E'Wso between rabbit myosin and

F ig .  7. E x t i n c t i o n  coeff ic ie n ts  d e t e r m in e d  a t  250  m M  a n d  a t  
280  mM a t  a co n c e n tr a t io n  of  0.5 m g / m l  in  0 .5 M  K C l ,  20  m M  
T r i s  p H  7.0. E IC,° r e p r e s e n t s  th e a b s o r b a n c e  if th e  so lu t io n s  lucre  
10 m g  / m l  ( 1 % ) .

PSE  Poland China myosin indicated a possible similarity- 
in amino acid composition. The average ETA,so for normal 
Poland China myosin and Chester W hite myosin were 
not significantly less than that for PSE  Poland China 
myosin and were even closer to the theoretical value al
ready mentioned. The extinction coefficients have not been 
corrected for light scattering (Milhalyi et a l . ,  1966) 
( E 1 % 3 2 0  < 0 . 0 2  in most samples).

The ratio of the maxima and minima (R  =  OD 2 so/ 
ODo.so) f°r these purified preparations can be converted 
to the more commonly reported ratio of OD 2 6 o/ODo8 0  by 
multiplying by 1.4. This factor was the ratio of OD260/  
OD 2 8 0  and it varied somewhat depending on the purity 
of the sample. The average ratio of the extinction coeffi
cients (or optical densities reported here for rabbit myosin) 
(R  =  0.42) was much lower than corresponding values 
(after adjusting to OD 2 go/OD 2 8o) previously reported 
in the literature (Trayer et a l . ,  1966; Woods et a l . ,  1963 ;

MYOSIN RATIO OF EXTINCTION COEFFICIENTS

F ig .  8. R a t io  of  e x t in c t io n  coeff ic ients .
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Baril et al., 1964, 1966; Smoller et al., 1964) unless more 
time consuming purification steps were taken, such as 
chromatography through DEAE-cellulose.

The pCMB titration of myosin SH groups was not a 
measure of the total sulfhydryl content, but rather an esti
mate of the free reactive sulfhydryl groups (those reacting 
with a mercurial in less than seven hr at room temperature, 
pH 7.5, .67M  KC1, 33 mJli T ris). The relationship be
tween myosin SH groups and myosin ATPase activity has 
been investigated by many workers (Gergely, 1966) for 
several years and the following two generalizations have 
emerged: Reaction of the most reactive SH group with a 
sulfhydryl reagent increases the Ca++-activated ATPase 
activity and decreases the EDTA-activated ATPase activ
ity. Further reaction with sulfhydryl reagents reduces the 
EDTA-activated ATPase activity to zero and reverses 
the effect of lower concentrations of sulfhydryl reagents on 
Ca++-activated ATPase activity.

The estimated moles of SH groups per 105 g of purified 
myosin extracted from rabbit skeletal muscle (Fig. 9) had 
a range of 6 . 6  to 7.2 and an average of 6 . 8  which was 
similar to the 7 moles S H /10 3 g reported by previous 
workers using the same method (Seraydarian et al., 
1967b). The average SH content of myosin from the 
P SE  Poland China pigs agreed very well with that for 
rabbit myosin which indicated that myosin could be pre
pared, without significant loss of labile SH groups, from 
pig muscles. Furthermore, using pig muscle, myosin pre
pared in the presence of D TT (which serves to prevent 
the oxidation of SH groups, Cleland, 1964) was not sig
nificantly higher in SH content than that prepared accord
ing to the standard procedure.

Myosin prepared from Chester White pigs and normal 
Poland China pigs had a slightly lower average SH con
tent than that from P SE  Poland China p igs; however, 
this difference was not significant. Myosin from all four 
muscle sources appeared to have comparable SH content.

The specific enzymatic activity of the myosin prepared 
from each muscle source was determined both in the pres
ence and absence of the activators (1 m M  Ca++ or 1 vnM 
E D T A ). The original intent in determining the activity 
in the absence of the activator was to correct for subtle 
differences between muscle sources by subtracting the

MYOSIN MYOSIN Ca+ + -ACTIVATED ATPase

/ jMOLES Pi/MIN./mq

F i g .  10. M y o s i n  C a * * -a c t iva ted  A T P a s e  a c t i v i t y — m ean  an d  
s ta n d a r d  e r r o r  of  th e  m ean .  C o n d i t i o n s :  ~  0.20 m g / m l ,  (1 m M  
Ca**)* I m M  A T P ,  50  m M K C l ,  20  mM T r i s ,  p H  7.0,  3 0 ° C.

* W i t h  a n d  w i t h o u t  th e a c t i v a to r .

latent ATPase activity (determined in the absence of the 
activator) from the total activated ATPase activity (deter
mined in the presence of the activator) in order to obtain 
the true activated ATPase, that is, the increase in activity 
due to the addition of the activator. However, as can be 
seen in both Fig. 10 and 11, the latent ATPase does not 
differ sufficiently between breeds or between species to 
alter the significance of the comparison of the uncorrected 
total activated ATPase activity.

The effect of two activators, Ca++ and EDTA, were 
both investigated because of the opposite effect of a small 
amount of sulfhydryl reagent on the ATPase activity 
determined in the presence of these two activators, as has 
already been mentioned.

The Ca++-activated ATPase activity (Fig. 10) deter
mined for rabbit myosin agreed very well with that re
ported by previous investigators if adjustments were made 
for the differences in assay conditions. The Ca++-activated 
ATPase activity of myosin extracted from P SE  Poland 
China pigs was not significantly greater than that from 
rabbits at the 5% level, but was significantly greater than 
that from Chester W hite pigs and normal Poland China

F ig .  9. M y o s i n  S H  g r o u p s — m e a n  a n d  s ta n d a r d  e r r o r  o f  the  
m ean .

F ig .  11. M y o s i n  E D T A - a c t i v a t e d  A T P a s e — m e a n  a n d  s ta n d a r d  
e r r o r  o f  th e  m ea n .  C o n d i t i o n s :  ~  0.05 m g / m l ,  (1  mM E D T A ) * ,  
1 m M  A T P ,  0.5M K C l ,  20  mM T r i s ,  p H  7.0, 3 0 ° C.

* W i t h  a n d  w i t h o u t  th e a c t i v a to r .
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S O U R C E

- S H

M O L E S

/ I 0 5 q

A T P a s a  / j M O L E S / M I N / m q

C d + + - A C T I V A T E D E D T A - A C T I V A T E D

M E A N 6 . 8 . 5 9  - . 0 4  =  . 5 5 1 . 3 3  - 2 3  =  1 .1 0

R A B B I T  .
.1 0 6 .1 0

C H E S T E R 6 . 4 . 5 2  - . 0 6  =  . 4 6 1 .7 7  - . 2 2 =  1 . 5 5

W H I T E . 2 0 2 . 0 8

P O L A N D 6 . 3 o> 1 b II k rv
)

1 . 3 6  - . 1 9  =  1.17

C H I N A . 2 0 3 . 0 7

N O R M A L

P O L A N D 6 . 7 . 7 0  . 0 6  =  . 6 4 1 .6 8  - 2 3  =  1 . 4 5

C H I N A .1 . 0 5 . 0 7

P S E

F ig .  12.  S u m m a r y .

pigs. The difference between normal and PSE  Poland 
China pigs was significant at the 1 % level.

The EDTA-activated ATPase activity (Fig. 11) deter
mined for rabbit myosin corresponded to the white muscle 
myosin studied by Sreter et al. (1966). Some simi
larities can be seen in the pattern of activities in the two 
assay mediums; namely, myosin from PSE  Poland China 
pigs had greater activity than myosin from rabbits. Also, 
myosin from PSE  Poland China pigs had greater (P  < 
.05) activity than myosin from normal Poland China pigs.

However, some dissimilarities were apparent; the ac
tivity of myosin from Chester White pigs was equal to 
that of myosin from PSE  Poland China pigs.

The enzymatic properties studied in this preliminary 
investigation were selected to examine the possible relation
ship between the rate of A T P hydrolysis soon after death 
in the intact tissue and the enzymatic activity of the purified 
myosin isolated at death from that tissue. Data for myosin 
from animals of the same species and the same breed but 
with different rates of A T P  hydrolysis soon after death 
(i.e., normal and PSE  Poland China pigs) indicated a 
slightly higher SH content and significantly greater Ca++- 
activated and EDTA-activated ATPase activity in the 
myosin from muscles which ultimately became PSE  than 
from those which retained normal characteristics. There 
does seem to be some direct correlation between the en
zymatic activity of myosin in vitro and the A T P splitting 
in the muscle in situ.

It is possible that the increased Ca++-activated ATPase 
activity, in the myosin from the PSE  pigs, could be a 
result of a reaction between the myosin and a low concen
tration of a substance which reacts with sulfhydryl groups. 
A possible substance could be a denatured sarcoplasmic 
protein (such as creatine kinase). However, subsequent to 
such a reaction, the sulfhydryl content would be slightly 
reduced and the EDTA-activated ATPase activity would 
also be reduced. Since neither the sulfhydryl content or 
EDTA-activated ATPase have been altered, it is not likely 
that such a derivative has been formed in these studies, or 
at least, it has not survived the purification procedures.

As an animal grows, its myosin SH content increases 
(Khyl'ko, 1965), and its myosin Ca++-activated (Trayer 
et al., 1966; Barany et al., 1965a; Khyl’ko, 1965; Perry

et al., 1963) and EDTA-activated ATPase activity in
creases. This leads to speculation that the longissimus 
dorsi muscles in normal Poland China pigs have not 
developed to the same extent as in the P SE  Poland China 
pigs. This same line of reasoning, with consideration of 
the data for myosin from animals of the same species and 
with similar rates of A T P  hydrolysis soon after death but 
of different breeds (i.e., normal Poland China pigs and 
Chester W hite pigs), would lead one to speculate that 
normal Poland China pigs have not developed to the same 
extent as Chester White pigs.

Perhaps the low pIT-high temperature condition which 
is characteristic of muscle which ultimately becomes PSE, 
further aggravates an inherent problem by denaturing the 
sarcoplasmic reticulum and causing the release of greater 
quantities of free Ca++, which, in turn, further increase the 
rate of A T P  hydrolysis (Greaser et al., 1968). Additional 
studies are required to further establish the direct associ
ation of the characteristics of the isolated proteins with 
in situ muscle behavior post-mortem.
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S U M M A R Y — B o v in e  in t r a m u s c u la r  l ip id s  e x t r a c t e d  f ro m  th e  

s e m i te n d in o s u s ,  t r i c e p s  b r a c h ii  a n d  lo n g is s im u s  d o rs i  m u s c le s  

w e r e  f r a c t i o n a t e d  in to  p h o s p h o l ip id s  a n d  n e u t r a l  f a ts  b y  

s ilic ic  a c id  c o lu m n  c h r o m a to g r a p h y .  In s p i t e  o f  t h e  w id e  
r a n g e  in to ta l  f a t  c o n te n t  a t  e a c h  lo c a t io n ,  p h o s p h o l ip id s  

w e r e  p r e s e n t  in a ll t h r e e  m u s c le s  a t  a le v e l o f  a p p r o x i 

m a te ly  5 0 0  m g  p e r  1 0 0  g  o f  m u s c le  t is s u e .  T h is r e s u l t ,  

c o u p le d  w ith  t h e  lo w e r  to ta l  f a t  c o n te n t  o f  t h e  s e m i te n d i 

n o s u s  a s  c o m p a r e d  to  t h e  o t h e r  tw o  m u s c le s ,  i n d ic a te d  a 
s ig n if ic a n t ly  h ig h e r  p e r c e n t a g e  o f  p h o s p h o l ip id  m a te r ia l  in 

t h e  to ta l  f a t  f ro m  th e  s e m i te n d in o s u s  a s  c o m p a r e d  to  t h e  

t r i c e p s  b r a c h ii  o r  lo n g is s im u s  d o rs i .

T h e  f a t ty  a d d s  w e r e  i d e n t i f i e d  in b o th  l ip id  f r a c t io n s  u s in g  
r e te n t io n  t im e  d a t a  o b t a i n e d  o n  b o th  a p o la r  a n d  a n o n - p o la r  

c o lu m n . T h e  id e n t i ty  o f  t h e  u n s a tu r a t e d  f a t ty  a c id s  w a s  c o n 

f i r m e d  w h e n  t h e i r  p e a k s  d id  n o t  a p p e a r  o n  t h e  c h r o m a to 
g r a p h s  o b t a i n e d  fro m  b r o m i n a te d  s a m p le s .  T h e r e  w a s  s ig 

n i f ic a n t ly  m o re  C l 4 :0  in t h e  lo n g is s im u s  d o rs i  n e u t r a l  f a t  
f r a c t io n s  th a n  in t h e  s e m i te n d in o s u s  n e u t r a l  f a t  f r a c t io n s .

In t h e  p h o s p h o l ip id s ,  t h e r e  w a s  s ig n i f ic a n t ly  m o re  0 6 : 0  a n d  

s ig n if ic a n t ly  le ss  0  8 :0  in t h e  lo n g is s im u s  d o rs i  a s  c o m p a r e d  
to  e i t h e r  t h e  s e m i te n d in o s u s  o r  t r i c e p s  b ra c h ii .  A l th o u g h  th e  

tw o  lip id  f r a c t io n s  o f  t h e  lo n g is s im u s  d o rs i  c o n ta in e d  s l ig h t ly  

h ig h e r  p e r c e n t a g e s  o f to ta l  s a tu r a t e d  f a t ty  a c id s  th a n  th e  

c o r r e s p o n d in g  f r a c t io n s  in t h e  o th e r  tw o  m u s c le s ,  t h e  e f f e c ts  
w e r e  n o t  s ig n if ic a n t .

IN T R O D U C T IO N
Although much work has been done on the composi

tion of the depot fats of large meat animals, the intra
muscular lipids have not been studied to the same extent. 
There is an unfortunate lack of knowledge when consider
ation is given to the factors involved in determining the 
stability of muscle tissue lipids towards oxidative rancidity.

Intramuscular lipids, unlike depot fats, contain signifi
cant amounts of phospholipid material. Hartman et al.
(1957) found that the intramuscular lipids of mutton loin 
chops contained a higher percentage of C20 unsaturated 
fatty acids than the adipose tissue fat. This was attributed 
to the presence of 5-8% of phospholipid material in the 
intramuscular fat which had no counterpart in the adipose 
tissue fat.

That the phopholipids are a rich source of polyunsatu
rated fatty acids was also noted by Ostrander et al. (1962) 
during the course of a study on the composition of 
the covering fat, intramuscular fat and intermuscular fat 
of beef, pork and lamb. Hornstein et al. (1961) under
took a more detailed investigation of the fatty acid compo
sition of the phospholipid and neutral fat fractions of beef 
and pork muscle. Over 50% of the fatty acids in the
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phospholipids contained two or more double bonds com
pared to 10% in the case of the neutral fat. I t was also 
found by these workers that the phospholipids developed 
rancid off-flavors much more readily than the neutral fats 
on exposure to the atmosphere. The instability of phospho
lipids in the presence of atmospheric oxygen had previ
ously been observed by Younathan et al. (1960) during 
the course of a study on the oxidation of cooked pork.

I t appears, therefore, that the phospholipids are of some 
importance in determining the stability of intramuscular 
lipids toward oxidative rancidity. However, very little 
information is available on the composition of phospholip
ids in different mammalian muscle tissues. Kuchmak et al.
(1963) noted that there were differences due to location 
in the fractional composition of the phospholipids in the 
hog carcass. Hidaka et al. (1965) found that muscle loca
tion had no significant effect on the fatty acid composition 
of neutral fat and phospholipids in the beef carcass.

This study was conducted to determine the relative 
amounts of phospholipids and neutral fats at different 
locations in the beef carcass and to further analyze these 
lipid fractions for their fatty acid composition.

E X P E R IM E N T A L
Five hundred g samples were taken from the semitendi

nosus, the longissimus dorsi and the triceps brachii muscles 
of eight Hereford, three Angus and two crossed Angus- 
Charolais beef animals. Two of the Hereford cattle and 
one of the Angus cattle were heifers; the remaining ani
mals were steers.

After trimming off all external fat, the samples were 
placed in No. 2 lacquered tin cans and the end seams were 
sealed with a silicone rubber preparation (R T V  adhesive, 
General Electric). A small hole was punctured in one end 
of each can. The cans were placed in a vacuum desiccator 
which was then evacuated and finally the vacuum was 
broken with nitrogen gas. The evacuation procedure was 
repeated a total of three times and the holes on the cans 
were then sealed with solder.

The cans were stored in a — 20°C freezer until they were 
required for further analysis.
Extraction of muscle lipids

Samples of muscle tissue were removed from storage as 
needed and allowed to thaw at room temperature. After 
taking a sample out of a can, the meat was cut into small 
cubes and 100 g were added to a W aring blendor. The 
muscle tissue was then homogenized with a mixture of 
chloroform, methanol and water. The extraction proce
dure was essentially that of Bligh et al. (1959) as modified 
by Ostrander et al. (1961). After the extraction had been 
completed, the chloroform phase was separated from the 
aqueous phase in a 1-L separatory funnel and dried over 
anhydrous sodium sulfate.
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The solvent was removed on a “Rinco” rotary evapo
rator, initially under partial vacuum, and the contents were 
then transferred to a tared 150 ml flat-bottomed flask. The 
last traces of solvent were removed under high vacuum 
using a positive displacement vacuum pump in conjunction 
with a dry-ice ethanol trap. The flask was placed in a 
vacuum desiccator containing potassium hydroxide pellets, 
until it reached constant weight.

Fractionation of muscle lipids
The total intramuscular lipids were separated into neu

tral fats, pigmented material and phospholipids on a 2.5 X 
90 cm glass column containing 50 g of silicic acid using the 
procedure of El-Gharbawi et al. (1965). The fractions 
were concentrated and dried by the techniques described 
previously for the total fat extraction. The pigmented 
material, accounting for less than 1 % of the total lipids 
and consisting mostly of carbohydrates, was discarded 
after being taken to constant weight.

Esterification
The method of DeMann (1964) was modified for use 

with intramuscular lipids. The capillary tube of a 5.75 inch 
disposable pipet was filled to half of its capacity with fat 
and this material was then added to a 1 ml ampoule. By 
means of a Luer syringe of 1 ml capacity, 0.75 ml of 0.05N  
sodium methoxide was delivered into the ampoule. The 
absolute amounts of sodium methoxide and fat were not 
critical if the ratio of sodium methoxide to fat was at least 
3:1 (v /v ).

After sealing the ampoule, the samples were transferred 
to a constant temperature water bath at 60°C. Completion 
of the reaction was apparent when the sample mixture 
changed from a two phase system to a single phase system. 
This generally occurred after 1.5 hr with the neutral fats 
but 2.5 hr were required where phospholipid material was 
being esterified.

After removal from the water bath, the sample was 
cooled to room temperature and then stored at —20°C 
until required for further analysis.

The lipid fractions from 7 of the 13 animals were con
verted to their fatty acid methyl esters.

Gas chromatography
Initially several samples of methyl esters were analyzed 

by the dual column chromatographic technique described 
by Vorbeck et al. (1961, 1963). The non-polar hydro
carbon, Apiezon L, was used as the substrate in one column 
and the polar polyester, diethylene glycol succinate, served 
as the partitioning medium in the second column. A mix
ture of standard fatty acid methyl esters was separated 
on both of the columns and the log1 0  retention times rela
tive to palmitic acid were calculated. When the values 
obtained from the non-polar column were plotted against 
those obtained on the polar column, a grid was formed as 
described by James (1959). Using this grid it was pos
sible to tentatively identify unknown fatty acids in those 
cases where standards were not available.

To further establish the identity of some of the unknown 
unsaturated fatty acids, the samples were brominated by a 
modification of the method of James et al. (1956) using 
ethanolic bromine in place of an ethereal solution of bro

mine. The chromatographic results from the original 
samples and the brominated samples were then compared 
to determine which peaks had been eliminated following 
bromination.

Quantitative analysis
An F & M Model 609 gas chromatograph equipped 

with an F  & M Model 400 flame ionization detector was 
used to obtain quantitative data on the fatty acid compo
sition of the samples. The column consisted of a glass U 
tube, 4 mm I.D. and 6  ft long. The stationary phase was 
15% diethylene glycol succinate coated on Chromasorb W, 
80-100 mesh (Applied Science Laboratories, Inc., College 
Park, Penn.).

After the column had been uniformly packed with the 
aid of a vibratory tool, it was preconditioned by baking 
for 24 hr at a column temperature of 160°C and a helium 
flow rate of 60 ml per min. At the end of this period of 
time the baseline drift and noise level were minimal.

The column temperature was equilibrated to 155°C 
prior to injection of the sample. As the injection port was 
directly on the column, the temperature was maintained the 
same. The temperature in the detection cell was approxi
mately 180°C with an air flow rate of 400 ml per min and 
a hydrogen flow rate of 65 ml per min. All gas tank 
outlet pressures were adjusted to 40 psi.

A l-/d aliquot was taken directly from the ampoule con
taining the sample of methyl esters and injected on the 
column. This proved adequate for the determination of 
fatty acid methyl esters present at 0 .1 % or more of the 
total methyl esters.

The peak areas on the chromatogram were evaluated by 
triangulation (%  base X height). The weight percentage 
of each fatty acid in a sample was determined by express
ing its peak area as a percentage of the total peak area. 
Replicates were run on all samples.

Determinations of the significance of the correlation 
coefficients and calculations for Tukey’s test for the com
parison of means were carried out according to Steel et al.
(1960).

RESULTS A N D  DISCUSSION
Fractionation of beef intramuscular lipids

The results of the initial phase of the study involving 
fractionation of the intramuscular lipids are presented in 
Table 1. There were considerable variations in the 
amounts of total fat in each of the three muscle locations 
examined. These variations were probably a reflection of 
factors such as breed, sex, weight and diet.

The neutral fat was the predominant fraction in all 
the samples, ranging from 68.61% in the semitendinosus 
to 95.53% in the longissimus dorsi, expressed as a per
centage of total fat. Phospholipid material, ranging from 
30.33% in the semitendinosus to 3.71% in the longissimus 
dorsi, accounted almost completely for the remaining total 
fat. A very small quantity of pigmented non-lipid material 
was obtained from all the samples (<  1 % of total fat).

On examining the range of values obtained for the lipid 
fractions from each muscle, it can be seen from the corre
lation coefficients in Table 2, that the amount of neutral 
fat present in a given muscle was directly related to the
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T a b l e  1. E f f e c t  o f  l o c a t i o n  o n  c o n t e n t s  o f  l i p i d  f r a c t i o n s  in  1 0 0  g  o f  m u s c l e  t i s s u e .1

Muscle

Total fat Neutral fat Phospholipid
Range
(g)

Mean
(g)

Range
(g)

Mean
(g)

Range
(g)

Mean
(g)

S e m i t e n d in o s u s 1 .9 5 -  6 .2 4 3 .4 8 “ b 1 .3 4 -  5 .6 4 3 .0 2 “ ,b 0 .2 5 -0 .5 9 0 .4 3
L o n g i s s i m u s  d o r s i 4 .1 2 -1 1 .3 4 6 .21* 3 .6 8 -1 0 .8 4 5 .6 2 “ 0 .3 9 -0 .6 9 0 .5 4
T r i c e p s  b r a c h i i 3 .8 9 -  9 .9 7 6 .4 8 b 3 .3 8 -  9 .4 6 5 .7 5 b 0 .3 7 -0 .6 8 0 .5 3

1 M e a n s  w i t h i n  t h e  s a m e  f r a c t i o n  w i t h  s i m i l a r  s u p e r s c r i p t s  a r e  s ig n i f i c a n t l y  d i f f e r e n t  
( P  <  .0 1 ) .

amount of total fat. However, the phospholipid fractions 
showed only slight variations from animal to animal within 
each muscle, and even these variations were not related to 
the total fat content of the muscle as evidenced by the low 
correlation coefficients reported in Table 2. As a result of 
this relatively constant amount of phospholipid material, 
the percentage contribution of the phospholipids to the 
total fat content decreased as the amount of total fat in 
the muscle increased. This effect was shown diagrammati- 
cally in a similar study by Turrki et al. (1967).

When the mean weights of the lipid fractions at the three 
different locations were compared, the semitendinosus 
muscle contained significantly smaller (P  <  .05) amounts 
of both total fat and neutral fat than either the longissinuis 
dorsi or triceps brachii, in spite of the wide range in val
ues obtained at each location. However, the phospholipids, 
in addition to showing little variation from animal to 
animal (Table 1) also did not differ significantly with 
regard to location, and a mean value of approximately 
500 mg was reported for each muscle.

Turrki et al. (1967) reported similar values for the 
phospholipids in the extensor carpi radialis and psoas ma
jor muscles of beef. They did, however, find that there 
were small but statistically significant differences between 
the phospholipid contents of the two muscles. It was sug
gested that variations in the red and white fiber contents 
might account for these differences. Due to this result, 
and also the lower total fat content of the semitendinosus 
muscle, the mean percentage of phospholipids in the total 
fat of the semitendinosus muscle was significantly greater 
(P  <  .05) than the mean percentages found in either the 
longissimus dorsi or the triceps brachii (Table 3).

The two heads of the triceps brachii muscle were in
cluded in the samples removed from each carcass. On tak
ing the samples out of storage for analysis, some seam or 
intermuscular fat could be observed between the lateral and 
medial heads. Since the actual fat within the muscle tissue 
appeared to be present in very small amounts, it is possi

T a b l e  2 . S im p le  c o r r e l a t i o n  c o e f f ic ie n ts  b e tw e e n  l i p id  f r a c t i o n s  
i n  b e e f  m u s c le .

Location Source of variation1 Total fat
S e m i t e n d in o s u s N e u t r a l  f a t 0 .9 9 4 * *

P h o s p h o l i p i d 0 .0 1 3

L o n g i s s i m u s  d o r s i N e u t r a l  f a t 0 .9 9 4 * *
P h o s p h o l i p i d 0 .0 0 4

T r i c e p s  b r a c h i i N e u t r a l  f a t 0 .9 9 7 * *
P h o s p h o l ip id 0 .0 3 5

1 W t .  p e r  1 0 0  g 
* * P < . 0 1 .

m u s c l e  t i s s u e .

ble that without the seam fat the lipid fractions would have 
been similar in composition with those from the semi
tendinosus.

Callow et al. (1956) in their studies on the iodine num
bers of the adipose tissue fat and intramuscular fat of 
beef animals also observed that the amount of phospho
lipid material present in muscle tissue was relatively con
stant at about 0.5 g per 100 g of muscle tissue. The iodine 
number increased with decreasing fat content in the case 
of both the intramuscular fat and the adipose tissue fat. 
While the relationship was linear with respect to the adi
pose tissue fat, it was hyperbolic in the case of the intra
muscular fat. Callow et al. (1956) reasoned that two 
effects were responsible for the hyperbolic relationship. 
When the intramuscular fat content is low, the iodine 
value of the intramuscular fat asymptotically approaches 
that of the phospholipids, but when large amounts of fat 
are present in the muscle the iodine value of the intra
muscular fat asymptotically approaches that of the adjoin
ing subcutaneous fat.

The fatty acid composition of the lipid fractions
Qualitative identification. The fatty acid composition of 

the neutral fat and phospholipid fractions from the three 
muscles is shown in Table 4. Since standard fatty acid 
methyl esters were not available for 0 4 : 1 ,  Cbr-16, 0 7  :1 
and C20 :3, it was decided to analyze samples from three 
of the seven animals by gas chromatography using both 
the non-polar substrate Apiezon L and the polar substrate, 
diethylene glycol succinate. A mixture of the available 
standard fatty acid methyl esters was separated on the two 
different columns, and by plotting the logi0  retention times 
relative to 0 6  obtained on the Apiezon L  column against 
those obtained on the diethylene glycol succinate column, 
a grid was formed as described by James (1959). By re
ferring to this grid, it was possible to tentatively identify 
the unknown fatty acid methyl esters.

There were no qualitative differences in the composition 
of the fatty acids in corresponding fractions at different 
locations. However, when at each location fatty acids

T a b l e  3 . P h o s p h o l i p i d s  a n d  n e u t r a l  f a t  f r a c t i o n s  o f  b e e f  m u s c l e  
e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t o t a l  f a t . 1

Muscle

Neutral fat Phospholipids
Range
( % )

Mean
( % )

Range
( % )

Mean
( % )

S e m i t e n d i n o s u s 6 8 .6 1 -9 1 .2 5 8 2 .1 4 “ 7 .9 0 -3 0 .3 3 1 4 .3 6 “-b
L o n g i s s i m u s  d o r s i 8 5 .3 0 -9 5 .5 3 8 9 .7 3 3 .7 1 -1 4 .1 0 9 .4 1 “
T r i c e p s  b r a c h i i 8 4 .4 9 -9 4 .8 6 9 0 .1 6 “ 4 .9 8 -1 4 .4 6 9 .1 3 b

1 M e a n s  w i t h i n  t h e  s a m e  f r a c t i o n  w i t h  s i m i l a r  s u p e r s c r i p t s  a r e  
s i g n i f i c a n t ly  d i f f e r e n t  ( P  <  .0 5 ) .
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T a b l e  4 . E f f e c t  o f  l o c a t io n  o n  f a t t y  a c i d  c o m p o s i t i o n  o f  l i p id  f r a c t i o n s  in  b e e f  m u s c l e .1

Neutral fat Phospholipids
Fattyacids2

Semitendinosus
( % )

Longissimusdorsi
( % )

Tricepsbrachii
( % )

Semitendinosus
( % )

Longissimusdorsi
( % )

Tricepsbrachii
(%)

C  1 0 :0 0 .1 2 0 .1 3 0 .1 2

C  1 2 :0 0 .1 2 0.11 0 .1 2

C  1 4 :0 3 .4 8 * 4 .2 4 1 2 3 .6 0 0 .2 8 0 .3 6 0 .2 4
C  1 4 :1 1.01 1 .29 1 .18

C  1 5 :0 0 .3 6 0 .5 7 0 .3 7 0 .3 0 y 0.59** 0 .32*
C b r - 1 6 : 0 0 .1 6 0 .1 6 0 .1 5

C  1 6 :0 2 8 .0 7 28 .3 1 2 7 .1 2 18.16* 22.55** 18 .66*
C  1 6 :1 3 .4 7 3 .9 4 3 .8 4 2 .4 2 2 .51 2 .25
C  1 7 :0 1 .2 2 0 .7 6 0 .9 2 0 .8 1 v 0 .4 T 0 .4 4
C  1 7 :1 0 .9 7 0.71 0 .8 4 1 .06 0 .9 2 0 .9 3
C  1 8 :0 1 4 .10 14 .0 8 1 3 .62 9 .68* 7 .7  8 >z 9 .9  7 '
C  1 8 :1 4 4 .0 3 4 3 .2 5 4 5 .6 7 2 3 .11 2 4 .3 4 2 5 .3 8
C  1 8 :2 2 .05 1 .78 1.75 23 .8 5 2 3 .0 2 2 2 .5 9
C  1 8 :3 0 .9 4 0 .9 6 0 .8 0 1 .4 4 v 2 .00* 1.61
C  2 0 : 3 3 .3 6 2 .9 0 3 .3 9
C  2 0 : 4 15 .23 1 2 .54 14.21

T o t a l

s a t u r a t e d 4 7 .4 7 4 8 .2 0 4 5 .8 7 2 9 .3 9 3 1 .8 5 2 9 .7 8

T o t a l

m o n o u n s a t u r a t e d 4 9 .4 8 4 9 .1 9 5 1 .5 3 2 6 .5 9 2 7 .7 7 2 8 .5 6

T o t a l

p o l y u n s a t u r a t e d 2 .9 9 2 .7 4 2 .5 5 4 3 .8 8 4 0 .4 6 4 1 .8 0

T o t a l

u n s a t u r a t e d 5 2 .4 7 5 1 .9 3 5 4 .0 8 7 0 .4 7 6 8 .2 3 7 0 .3 6

1 M e a n s  o n  t h e  s a m e  l in e  w i t h  s i m i l a r  s u p e r s c r i p t s  a r e  s i g n i f i c a n t ly  d i f f e r e n t  ( P  <  .0 5 )  f o r  
v  a n d  x ,  P  <  .01  f o r  y  a n d  z ) .

2 C a l c u l a t e d  a s  %  o f  t o t a l  f a t t y  a c i d s  ( m e a n  v a lu e s  f r o m  7 a n i m a l s ) .

identified in the neutral fat were compared to those identi
fied in the phospholipids, some differences were noted. 
The fatty acids C20 :3, C20 :4 and a trace of Cbr-16 :0 were 
present in the phospholipids but they had no counterparts 
in the neutral fat. Similarly 04:1 was present in the 
neutral fat fractions, but it was absent from the phospho
lipids.
Some of the minor fatty acids identified in this study 

do not correspond with those found by Hornstein e t  al.
(1961). These workers used the polar column, polyvinyl- 
acetate, to analyze the fatty acid methyl esters of the lipid 
fractions from beef muscle. In the present study when 
the fatty acid methyl esters of both the phopholipids and 
neutral fats were separated on the polar substrate, diethyl
ene glycol succinate, a peak appeared on the chromato
gram with a relative retention time of 0.72 (retention 
time relative to that of 06:0). On consulting the grid it 
was found that this relative retention time could represent 
either pentadecanoic acid (05 :0) or tetradecadienoic acid 
(04:2).
When the fatty acid methyl esters were run on the non

polar column, Apiezon L, a peak appeared with a relative 
retention time of 0.68 which corresponded closely with 
that found on the grid for 05 :0 but which was quite far 
removed from the grid value of 0.36 for 04 :2. It is pos
sible that there were slight traces of 04:2 present, as 
when brominated samples were separated on the diethylene 
glycol succinate column it was found that there was a small 
decrease in size in the peak assigned to 05 :0 on each

chromatogram. Hidaka e t  al. (1965) identified the fatty 
acid 05 :0 during the course of their work on beef mus
cle lipids.
It can also be seen from Table 4 that 0 7 :0 and 0 7 :1 

were present in both lipid fractions. Although they had 
not previously been identified in the work of Hornstein 
e t  al. (1961) their presence in beef intramuscular lipids 
was reported by Hidaka e t  al. (1965). Again, added evi
dence was obtained to identify 07:1 when the peak 
assigned to this acid disappeared when brominated sam
ples were fractionated. Ziegler e t  al. (1967) reported the 
presence of both 07:0 and 07:1 in the lipids of ovine muscular tissue.

Q u a n t i t a t i v e  A n a ly s i s . The results obtained for the fatty 
acid composition of the neutral fat and phospholipid frac
tions at each location were then compared from a quanti
tative viewpoint. As shown in Table 4, the phospholipids 
contained a much higher percentage of unsaturated fatty 
acids than the neutral fat fractions. This finding was in 
general agreement with the work reported by Hornstein 
e t  al. (1961).
There was only one significant effect due to location on 

the fatty acid composition of the neutral fat fractions. 
There was significantly more (P < .05) 04:0 in the 
longissimus dorsi muscles than in the semitendinosus, but 
the effect was not large enough to cause any significant 
difference between the total amounts of saturated fatty 
acids found in the two muscles.
In the phospholipid fractions the main effects associated
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with location were an increase of C 16:0 (P < .05) and a 
decrease of 08:0 (P < .01) in the longissimus dorsi, 
compared to either the semitendinosus or triceps brachii 
muscles. These two effects tended to balance one another, 
and they therefore had little effect on the overall degree 
of saturation at the different locations. Significant differ
ences between locations were also found for the fatty acids 
05:0, 07:0 and 08:3.
Hornstein e t  al. (1961) reported a value of 13.2% for 

the fatty acid 06:0 in the phospholipid fraction compared 
to values of 18.16-22.55% found in the present study. 
Since these workers reported a value of 15% for 08:0 
compared to the values of 7.8-10.0% observed in the pres
ent work, there was no real difference between the two sets 
of data as regards the total content of saturated fatty acids. 
Similarly, the content of C20:4 found by Hornstein e t  al.
(1961) was 5-7% higher than the amount observed in 
this work, but since higher percentages were reported for 
the other polyunsaturated fatty acids found in this study, 
the totals for polyunsaturated fatty acids were approxi
mately the same in each instance.
Over-all, the longissimus dorsi intramuscular lipids ap

peared to be slightly more saturated than those of the tri
ceps brachii or semitendinosus. This was true tor both 
the phospholipid and neutral fat fractions. That the effect 
was not found to be significant may be due to the fact that 
the analyses of variance indicated a number of significant 
differences between animals in the fatty acid composition 
of the lipid fractions.
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U . S . D e p a r tm e n t  o f  A g r ic u l tu r e ,  A lb a n y ,  C a lifo r n ia  94710

K i n e t i c s  o f  t h e  E n z y m a t i c  D e v e l o p m e n t  o f  P y r u v i c  A c i d  a n d  

O d o r  i n  F r o z e n  O n i o n s  T r e a t e d  w i t h  C y s t e i n e  C - S  L y a s e

S U M M A R Y — E x tra c ts  o f  c o m m e rc ia l ly  f r o z e n  o n io n ,  a l th o u g h  

p o s s e s s in g  c o n s id e r a b l e  p e r o x id a s e  a n d  c a t a l a s e  a c t iv i ty ,  
w e r e  d e v o id  o f  s t r o n g  f l a v o r  a n d  o f  L -c y s te in e  s u l f o x id e  ly a s e  

a c t iv i ty ,  t h e  e n z y m e  c o n s id e r e d  to  b e  r e s p o n s ib l e  f o r  th e  
d e v e l o p m e n t  o f  o n io n  f la v o r .  T h e s e  e x t r a c t s ,  h a v in g  b e e n  

s h o w n  to  r e ta in  t h e  p r e c u r s o r ( s )  to  s u c h  f la v o r ,  w e r e  s e le c te d  

a s  m o d e l  in situ s u b s t r a t e s  f o r  a s tu d y  o f  t h e  k in e t ic s  o f  o d o r  
p r o d u c t io n  c a t a ly z e d  b y  t h e  L -c y s te in e  C -S  ly a s e  o f  Albizzia 
lophanta s e e d  e n d o s p e r m .  T h e  re s u l ts  s u g g e s t  t h a t  b o th  o d o r  
a n d  p y ru v ic  a c id  m a y  b e  p r o d u c e d  v ia  t h e  s a m e  e n z y m e  b u t  

t h a t  t h e  o d o r  is f o r m e d  a f t e r  t h e  fo r m a t io n  o f  p y ru v ic  a c id .  

F rom  t h e  d a t a  it h a s  b e e n  c a l c u l a t e d  t h a t  t h e  o d o r  th r e s h o ld  
v a lu e  o f  s o m e  o f  t h e  e n z y m a t ic a l ly  p r o d u c e d  o d o r - b e a r in g  

c o n s t i tu e n t s  in o n io n s  m a y  b e  le ss  th a n  o n e  p a r t  p e r  b il l io n .

INTRODUCTION
There exists a wealth of evidence that the flavor of 

many foods arises as a consequence of the interaction of 
enzyme and substrate (flavor precursor) when the cellular 
integrity of the food tissues is destroyed as the result of 
comminution or bruising (Schwimmer, 1963a).
In the case of onions, there is a very close correlation 

between the content of pyruvic acid, one of the products of 
the relevant onion enzyme reaction, and the odor intensity 
of freshly comminuted and of reconstituted dehydrated 
onions (Schwimmer et a l., 1961; Schwimmer et a l., 1962; 
Schwimmer et a l., 1964a).
The kinetics of this type of enzyme action (L-cysteine 

[sulfoxide] C-S lyase), as measured by rate and extent of 
pyruvic acid production has been studied in detail with 
enzyme preparations from onion (Schwimmer et a l., 1963 ; 
Schwimmer, 1963b, 1964; Schwimmer et a l., 1964b) and 
from the seeds of A lb iz z ia  lo p h a n ta  (Schwimmer et al.,
1960). However, no study has been published of the 
kinetics of enzymatically induced odor formation, as mea
sured by olfactory thresholds. Such a study should be of 
value in further probing the validity of our understanding 
of the relationship between odor intensity and enzyme 
action.

The present report constitutes an investigation of the 
course and rate of odor production as affected by the 
variables of time, enzyme concentration, and substrate 
concentration. The same enzyme reaction mixtures were 
used for traditional kinetic studies of the enzymatic pro
duction of pyruvic acid, using commercially frozen onion 
as source of substrate and a preparation of the L-cysteine 
sulfoxide C-S lyase of the endosperm of A lb is z ia  lo p h a n ta  
seeds as source of enzyme.

MATERIALS AND METHODS
W e  prepared the enzyme from seeds of A lb iz z ia  lo 

p h a n ta  (Schwimmer et a l., 1960). This enzyme acts on

S-substituted derivatives of both L-cysteine sulfoxides in 
contrast to the onion enzyme whose range of specificity 
is limited to L-cysteine sulfoxide derivatives. The seed 
(170 g) was ground in a Wiley mill, and mixed the 
resulting meal with 2 liters of trichloroethylene in a 2-L 
graduated cylinder. The yellow enzyme-containing endo
sperm meal was then removed, devoid of seed coat, which 
collected at the top, air dried, and extracted at 5°C with 
1 L of 80% ethanol to remove the bulk of the endogenous 
substrate (djenkolic acid). After the suspension was fil
tered, the filter cake was washed successively with 95% 
absolute ethanol and dried in a desiccator. Then the 
dried preparation was stirred with 350 ml H aO at 5°C 
for 3 hr and squeezed through 4 layers of cheesecloth. The 
extract was centrifuged at 0°C for 20 min at 16,300 X  G 
and the resulting supernatant liquid was recentrifuged at
31,000 X  G for 45 min. Ninety ml of absolute ethanol was 
added to the final supernatant liquid and the precipitate 
was centrifuged off and allowed to dry in a vacuum desic
cator to yield 4.5 g of enzyme preparation.
S-propyl-L-cysteine sulfoxide was a synthetic mixture 

of the ( + ) and ( — ) diastereomers (Schwimmer et a l., 
1964b).
For most of the experiments, onion extracts were pre

pared by blending 50 g of commercial frozen onions with 
50 ml H 20 and squeezing the resulting homogenate 
through 4 layers of cheesecloth. Thus, each ml of extract 
represented about 500 mg of frozen onions. Heated onion 
extracts were prepared by adding 50 g of frozen onion to 
an equal volume of boiling water, heating at 100°C for 
5 min, adjusting the volume to 100 ml and squeezing 
through cheesecloth. For the detection of catalase and 
peroxidase, 2 ml of onion extract were added to 6 ml of 
0.5% H 2C>2 (catalase) or 0.5% H 202 + 0.167% guaicol 
(peroxidase) (Woodruff, 1947).
For estimation of enzymatic production of pyruvic acid 

and odor, 2 ml of enzyme reaction mixture containing 
onion extract and enzyme solution were incubated at 25°C. 
Each ml of reaction mixture (incubated 1 hr at 25°C) for 
Table 2 contained, when added: onion (or heated onion) 
200 mg; substrate (S-propyl-L-cysteine sulfoxide), 5 
/nmoles; enzyme, 1 mg; buffer (TRIS, pH 8.5), 0.1 
mmole. For the experiments shown in Fig. 1, each ml of 
reaction mixture contained 250 mg of onion where enzyme 
was varied, and 1.25 mg of enzyme where time was varied. 
For Fig. 2, the onion concentration was 250 mg/ml. For 
Figs 3 and 4, the concentrations of enzyme were 2.5 and
1.25 mg/ml respectively.
The C-S lyase enzyme reaction was terminated by addi

tion of 0.5 ml of 1 A HC1 and, after 30 min, 7.5 ml of
Volume 33 (1968)— JOURNAL OF FOOD SCIENCE— 193
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H 20 was added. One-half ml aliquots of the acid-treated 
dilution reaction mixtures were used for the determination 
of pyruvic acid. Separate control incubation mixtures con
tained either no enzyme or no onion extract. The remain-

Minutes (O)
2 5  50

Fig. 1. Pyruvic acid content of extract of frozen onion treated 
zvith enzyme as function of time and enzyme concentration.

Fig. 2. Time course of production of pyruvic acid and odor in 
extract of frozen onion treated with enzyme.

der of the acid-treated reaction mixture which had been 
diluted to 10 ml was used for estimation of odor thresh
olds as described in detail in Schwimmer e t  al. (1962).
The odor in one ml of reaction mixture diluted to the 

threshold value is arbitrarily defined as one odor unit. 
Total odor units in 2 ml of the original enzyme incubation 
mixture are therefore equal to the total volume (in ml) 
after dilution to the odor threshold. Thus, if the 10 ml 
of acid-treated reaction mixture (10 ml from 2 ml of 
original enzyme reaction mixture) has to be diluted 1,000- 
fold to achieve the odor threshold concentration, total odor 
units = 10,000. Odor units per ml of original enzyme 
reaction mixture equals one-half, this value.

RESULTS
The thawed onions, although not as turgid as freshly 

diced onions, were considerably firmer than diced raw
1C

Enzyme, m g/m l
Fig. 3. Rate of formation of pyruvic acid and odor as a function 

of enzyme concentration.

Fig. 4. Effect of concentration of extract of frozen onion on 
rate of formation of pyruvic acid and of odor.
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T a b l e  1. T e s t  f o r  
e x t r a c t s  o f  f r o z e n  o n io n .

p r e s e n c e  o f c a t a l a s e  a n d p e r o x i d a s e  in

Treatment or addition Observation
Oo evolution Coloration

h 2o 2 Guaiacol Heat (catalase) (peroxidase)
— — — — —

+ — — + —

+ — + — —

+ + — — +

+ + + — —

— + — — —

onions subjected to a 5-min heat treatment by steam or 
radio frequency radiation. Furthermore, extracts from 
the frozen onion gave strong positive tests for peroxidase 
and catalase (Table 1), thus suggesting that the onions 
were not blanched prior to freezing. On the other hand, 
although having a pleasant mild odor and taste (c f . Wood
ruff e t  al., 1947), mastication or comminution of these 
frozen onions did not develop the intense sensory attri
butes of raw onion macerates, i.e.: lachrymator effect, 
astringency, highly pungent odor, and bitterness, and sub
sequent pink coloration. After thawing, unblanched 
frozen onions were intensely bitter (Schwimmer, 1967). 
This would suggest that the precursors, the enzyme, or 
both of these moieties of the enzyme system responsible 
for the development of the typical onion flavor were miss
ing. To test for these possibilities, onion extracts were 
treated with a typical onion precursor (S-propyl-L-cys- 
teine sulfoxide), enzyme (C-S lyase of A l b i z z i a  l o p h a n ta )  
and/or a buffer which changed the extract to a more 
favorable pH for C-S lyase action (Schwimmer e t  al.,
1963).
Changes were measured by the development of pyruvic 

acid and by olfactory threshold tests. The results (Table
2) demonstrate that the frozen onions had a very low, 
almost vanishing, enzyme content demonstrable only by 
shifting to a more favorable pH. They did, however, 
contain considerable precursor to both pyruvic acid and 
odoriferous volatiles. The pyruvic acid values for the con
trols containing onion only were about the same as those 
for fresh onions heated to prevent enzyme action (Schwim
mer e t  al., 1962). This indicates that little or no inter
action of enzyme and substrate occurred during processing 
and freezing of the onions. The values obtained in the 
presence of enzyme are in the range of those for a moder
ately strong onion (Schwimmer e t  al., 1962).

T a b l e  2 . D e m o n s t r a t i o n  t h a t  o d o r  p r e c u r s o r  b u t  n o t  e n z y m e  is  
p r e s e n t  in  c o m m e r c i a l l y  f r o z e n  o n io n .

System
Pyruvic acid /¿mole/g onion Thresholdppm(pH 5.8)pH 5.8 pH 8.0

O n io n 1.6 1 .8  (2 .S  ) 1 2 3 0

H e a t e d  o n io n 1.6

O n io n  -(- s u b s t r a t e 1.6 2 .0 2 5 0

O n i o n  +  e n z y m e 8 .2 8 .3 9

H e a t e d  o n io n  -f- e n z y m e 8 .7
E n z y m e  +  s u b s t r a t e 3 0 .8

E n z y m e  +  o n io n  - |-  s u b s t r a t e 2 2 .8

1 F r o z e n  o n io n  b le n d e d  w i t h  T R I S  b u f f e r .

Fig 1 shows the effect of enzyme concentration and of 
time on the pyruvic acid content of an unbuffered enzyme 
reaction mixture containing onion extract and enzyme.
Figs. 2, 3 and 4 show the effects of varying time, enzyme 

concentration, and substrate (onion) concentration, re
spectively, on the development of pyruvic acid and odor. 
The data on odor are not precise enough to permit a 
quantitative interpretation of the enzyme kinetics. How
ever, inspection of the data suggests qualitative consis
tencies in the relation between pyruvate and odor. Both 
pyruvate and odor development increased with increasing 
values of these variables, except at very high substrate 
concentrations (Fig. 4).
The data on the effect of substrate concentration (Fig.

4) suggest that the substrate concentration at half maxi
mum rate (i.e. K,„) of both odor and pyruvate production 
are of the same order of magnitude ( c a 100 mg of onion 
per ml of reaction mixture). At low values of the three 
variables, the odor production appears to lag behind the 
production of pyruvate. Although the observed lag for 
any one variable would not in itself be significant, the fact 
that it appears with all three variables indicates that it may 
be real.
In view of previous knowledge of the enzymatic mecha

nism of odor production from S-substituted-L-cysteine 
sulfoxides (Virtanen, 1965; Schwimmer, 1967a; Carson,
1967) the data presented support the interpretation that 
both odor and pyruvate are produced via the same enzyme 
reaction. The apparent lag of odor development in com
parison with pyruvate production at low values of time, 
enzyme and substrate concentrations suggests that pyruvic 
acid is formed before the odoriferous products. This is 
consistent with the current formulation of the reactions 
leading to such products. Thus the primary products are 
considered to be pyruvic acid, ammonia, and the methyl, 
propyl and propenyl derivatives of sulfenic acid.
It is the latter unstable moieties which, via a series of 

condensations and dismutations and eliminations, are be
lieved to give rise to the odor-bearing volatiles character
izing onion odor. Although the temporal separation of 
these two classes of reaction may actually be quite small, 
they could be magnified during the interval between the 
time of addition of acid to the reaction mixture and the 
organoleptic evaluation. During this time the enzyme is 
no longer producing pyruvate but non-enzymatic reactions 
leading to more odor could occur. These reactions would 
be slower at low levels of reactants.
The data presented here afford a theoretical means of 

calculating the odor threshold concentrations of the odor
iferous substances. It is assumed that only the RSO radi
cals of L-cysteine sulfoxide derivatives are converted to 
odoriferous substances. From the data presented here, one 
can estimate that there are about 10 ¿¿moles of substrate 
per g of onion. Since the smallest odor threshold value 
found was 5 ppm (5 ¿¿g of onion per ml) the average 
concentration of odoriferous substances at the threshold 
was about 2 to 4 nanograms per ml or 3 parts per billion. 
Since we are dealing with a mixture of substances of vary
ing odor intensity, the threshold of the most odoriferous 
substances from onion may actually fall in the range below 
one part per billion.
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S U M M A R Y —T w e n ty - tw o  Is ra e l o r a n g e  ¡u ic e  s a m p le s  w e r e  
a n a l y z e d  c h r o m a to g r a p h ic a l ly ,  a n d  16  f r e e  a m in o  a c id s  w e r e  

id e n t i f i e d  w ith  s e v e n  d i f f e r e n t  s o lv e n t  s y s te m s . A s p a r t ic  a c id ,  
g lu ta m ic  a c id ,  ly s in e ,  a la n in e ,  a n d  p r o l in e  w e r e  id e n t i f ie d  

w ith  a ll 7  s o lv e n t  s y s te m s ;  a s p a r a g in e  w ith  6 ;  s e r in e  w ith  5 ;  

a r g in in e ,  v a l in e  a n d  le u c in e  w ith  4 ;  y - a rn in o - b u ty r ic  a c id  w ith  

3 ;  g ly c in e ,  m e th io n in e  a n d  p h e n y la l a n in e  w ith  2 ;  a n d  t h r e o 
n in e  a n d  ty r o s in e  w ith  1. T h e  p r e s e n c e  o f  is o le u c in e  In 

Is ra e l o r a n g e  ju ic e  a p p e a r s  d o u b t f u l .
A  q u a n t i t a t i v e  e s t im a t io n  o f  t h e  f r e e  a m in o  a c id s  in d ic a te s  

t h a t  a m o u n ts  o f  a s p a r t i c  a c id ,  s e r in e ,  a n d  a la n in e  a r e  h ig h  
c o m p a r e d  w ith  C a l i f o rn ia  o r a n g e  ju ic e ,  b u t  g lu ta m ic  a c id  a n d  

ly s in e  a r e  low .

INTRODUCTION
A knowledge of the amino acid content of citrus juices 

may assist industry not only in estimating the quality of 
their products and the maturity of the initial fruit but also 
help in study of the darkening of the products. Safina
(1964) suggested application of chromatographic separa
tion of amino acids as an indicator of the quality of citrus 
juices or beverages. Rockland e t  al. (1950) postulated the 
importance of the reaction of amino acids with sugars in 
the browning of processed citrus products. A number of 
workers (Rockland e t  al., 1954; Wedding e t  al., 1955; 
Rockland e t  al., 1955) have investigated the use of amino 
acids as a possible index of maturity. Although the amino 
acids of orange juice generally do not belong to the essen
tial ones, Rockland (1961) suggests that the citrus amino 
acids may contribute to some extent to the nutritional 
value of citrus juices.

The amino acid content of the California Valencia orange 
has been studied in detail (Rockland, 1961), while knowl
edge is also available for the Washington Navel orange 
(Rockland, 1961) and in less detail for two Japanese va
rieties (Ito e t  al. , 1952), for Italian oranges (Safina,
1953) and for Italian blood oranges (Wucherpfennig,
1966). Work of Wedding e t  al. (1954) has indicated 
both qualitative and quantitative differences between Va
lencia and Washington Navel oranges, particularly with 
regard to the absence of y-amino butyric acid and the rela
tively large quantity of tyrosine in the juice of Washington 
Navel oranges.
No knowledge is yet available on the amino acid con

tent of the Israeli Shamouti orange and the extent of vari
ations due to its maturity, season and location. This study 
was initiated as part of an investigation into the detection 
of adulteration of citrus juices and citrus juice products.

EXPERIMENTAL
Preparation of samples
Shamouti and Valencia orange fruit were collected from 

six groves of different locality and age at different ma
turity dates (Table 1). Fifty fruits were selected at ran
dom from three trees in the center of the grove. The fruit 
was transported in open containers and processed within 
24 hr of harvest. Physical measurements were made on 
the fruit as shown in Table 1, and its juice extracted with a 
stainless-steel electrical hand reamer and strained through 
a 16-mesh stainless-steel wire screen. The orange juice 
was pasteurized at 95 °C for 50 sec in a rotating falling-
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Table 1. Description of groves of Shamouti oranges and composition of their fruits.

Rootstock Grove and location
Age of tree (years) Harvestdate pH

Acidity as citric acid % Brix%
Formol value ml. N.NaOH per liter juice

(1) Sour orange Gesher Haziv 35 Nov. 18 3.0 1.57 10.7 10.0West Gallilee Nov. 29 3.0 1.66 10.4 9.0Jan. 2 3.3 1.22 11.0 14.0(2) Sour orange Rassco Chamama 6 Dec. 5 3.0 1.84 10.5 12.5Ashkelon Jan. 9 3.0 1.72 10.9 11.0Jan. 23 3.0 1.67 11.3 13.5(3) Sweet lime Galia, Rehovot 35 Dec. 20 3.1 1.08 9.8 18.0Jan. 12 3.4 1.88 9.8 25.0Jan. 27 3.4 0.91 10.1 17.0(4) Sour orange Ein Harod 30 Nov. 13 3.2 1.28 11.0 10.0Beit Shean Jan. 2 3.4 1.12 11.2 18.0(5) Sour orange Cabri 30 Dec. 3 2.9 1.86 10.8 17.0N.W. Galilee Dec. 17 3.2 1.63 10.7 16.0(6) Sour orange Galia, Rehovot 35 Dec. 20 3.0 1.23 10.3 17.0Jan. 27 3.3 1.09 9.8 18.0

film steam-heated pasteurizer and filled hot into heat- 
sterilized, hot, dark-colored bottles. The sealed bottles 
were inverted to sterilize the seals, cooled, and stored for 
1 month at room temperature. Rockland e t  al. (1956) have 
shown that, within the normal range of pasteurization 
times and temperatures followed by storage for 5 months 
at 100° F, no significant changes in the levels of 7 free 
amino acids were detectable.
The stored processed juice samples were filtered by 

suction through a Buchner funnel on Whatman No. 1 fil
ter paper. Filter-aid-treated juices gave identical results 
to untreated juices, but use of the latter was more con
venient in the laboratory. The purification procedure of 
Safina e t  al. (1959), however, did not give all the amino 
acids that the filtered juice gave and was not employed 
in the analysis.
Chemical analysis
The pH of each juice was measured electrometrically 

with a Beckman glass-electrode pH meter standardized 
with pH 7.00 buffer. Acidity was determined by titration 
of 10 ml of the filtered juice with O.OIIV sodium hydroxide 
with an alcoholic solution of phenolphthalein used as indi
cator and the acidity expressed as citric acid. Brix mea
surements were made with a Zeiss Abbé refractometer, 
corrections being made for temperature. The formol value 
was estimated by the method of Safina ( 1964).
Filter paper chromatography
All juices were analyzed by filter paper chromatography. 

Preliminary experiments were carried out on two of the 
juices to determine the most suitable working conditions. 
Paper chromatography was carried out by a one- 
dimensional ascending technique on Whatman No. 1 filter 
paper sheets of size 57)4 X 56)4 cm always along the 
machine direction. Three solvent systems were used : 
1) Butanol-acetic acid-water (4:1:5 v/v) ; 2) phenol- 
sodium citrate-KH2P04 (6.3% sodium citrate and 3.7% 
KH 2PO4 per 100 g phenol) ; 3) propanol-water (70:30 
v/v).
Additional solvents were used on two juice samples only 

to confirm the presence of certain amino acids. These sol

vents were: 4) A-butanol-acetic acid-water (4:1:1 v/v), 
which is specific for phenylalanine (Rauen, 1956) ; 5) 
phenol-w-propanol-water (100:20:20 v/v), which was 
used to identify threonine ; 6) methylethyl ketone-propionic 
acid-water-tert. butanol (75:25:30:20 v/v), specific for 
methionine and glutamine (Furuholmen e t  a l„ 1964; Led- 
erer e t  al., 1955); 7) A-butanol-ethanol-water (4:1:1), 
which was used to identify and confirm methionine and 
phenylalanine.
In addition, two-dimensional chromatography was car

ried out for confirmation, using first solvent No. 2 and 
then solvent No. 1.
The ascending one-dimensional chromatographic tech

nique consisted of spotting 6 ml of the filtered juices 5 cm 
from the bottom of the filter paper and drying each spot 
in a stream of warm air. Juices were spotted in triplicate 
on the same paper 5 cm from each other and adjacent to 
spots of pure compounds both individually and as a mix
ture. Three papers were run for each juice in each sol
vent. The atmosphere of the developing glass chamber 
was allowed to equilibrate with the solvent 12 hr prior to 
development, and fresh solvent was used for each run. 
The papers were run for 24 hr, removed, and allowed to 
dry at room temperature (approx. 30°C), and then run 
again for an additional 24 hr in the case of solvents Nos. 2, 
4 and 5, and with the 2-dimensional run, while for solvents 
No. 1, 3 and 6, papers were run for an additional 24 hr 
(i.e. 72 hr in all).
Color development was attained by an alcoholic solu

tion of ninhydrin applied as an aerosol spray. Rf values 
were calculated according to the final solvent front.
Identification of the amino acids was made according to: 

1) Rf values compared with those of pure compounds run 
under the same condition; 2) ninhydrin color reactions 
(spot colors)-— compared with those of the pure com
pounds and to literature; and 3) comparison of results of 
the three solvent systems and the additional specific sol
vent systems used.
Pure samples of serine, proline and arginine were not 

available and identification was made by comparison with 
Rf values from literature and by ninhydrin color reactions.
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Table 2. The freeamino acidsidentified inIsrael orange juice. R100F values.
One-dimensional paper chromatography

2-Dimensional paper chromatography*-
One-dimensional thin layer chromatography*

Solvent used 1 2 3 4 5 6 7 1, 2 1
Aspartic Acid 34(34) 24(18) 49(50) 24(30) 10(11) 10(11) 4(4) + +Glutamic Acid 46(44) 48(43) 54(54) 32(37) 17(18) 25(26) 2(3) + +Serine*** 40 or glycine 55 62 46 29 — 12 + +
Asparagine 26(23) 64(65) 51(52) 18(20) or arginine

35(37) 15(16) 6(6) + +

Arginine*** 23 45 18 or asparagine
4 5 +

Lysine 15(17) 76(76) 43(46) 11(12) 75(76) 2(4) 1 + +Alanine 51(51) •'3"00LOOO 71(71) 41(45) — 35(37) + + +Y-Amino Butyric 65(64) 94(93) — 54(55) — — — + +Proline*** 56 99 76 47 90 43 26 + +Glycine 40(38) or serine — 64(63) ■— — 12(13) — + +
Valine 75(74) or methionine

85(86) 67(66) 49(50) 36(36) + +

Leucine 84(86) or isoleucine
88(87) or isoleucine

80(80) 86(87) 83(85) 62-63(61) + +

Methionine 75(74) or valine
60(61) 45(43) ,+ +

Phenylalanine — — — 73(72) — 74(71) 53(50) — +Threonine — — — — 46(44) — — — +Tyrosine 50**(49) +or isoleucine
* Indicating presence or absence of amino acids.** Traces.*** Pure samples of these amino acids were not available.

Thin-layer chromatography
Thin-layer chromatography was carried out on two 

juice samples in order to confirm the presence of phenyl
alanine, isoleucine, and tyrosine. The absorbent used was 
silica gel on glass plates and the solvent butanol-acetic 
acid-water (4:1:5) with a one-dimensional ascending 
technique for 2 hr twice after drying each time.
Quantitative analysis
A fully quantitative determination was carried out on 

six juice samples for eight of the free amino acids, using 
two solvent systems No. 1 and 3. Chromatographic runs 
were carried out as previously described, and the nin- 
hydrin color spots were cut out from the papers and ex
tracted in test tubes in 96% ethyl alcohol. The alcoholic 
extracts were then measured colorimetrically in a Klett 
and Summerson Colorimeter using Filter No. 55 (wave 
length 520-600 m/x). Quantitative estimations were then 
made by comparison of the results with standard curves 
previously obtained on pure compounds of the amino acids 
studied.

RESULTS AND DISCUSSION
The free amino acids identified in Israel orange juice 

are listed in Table 2. In all, 16 free amino acids were iden

tified in the juices studied. Only aspartic acid, glutamic 
acid, alanine, lysine and possibly proline were identified 
and confirmed in one or more solvent systems. The pres
ence of isoleucine in Israel orange juice appears doubtful. 
Solvents No. 1 and 3 with one-dimensional paper chroma
tography indicated the presence of either isoleucine or leu
cine, while leucine was identified in solvents Nos. 4, 5, 6, 
and 7. Again, tentative identification of isoleucine or tyro
sine was made with thin-layer chromatography. However, 
since tyrosine was identified also with solvent No. 4, it 
seems that isoleucine does not occur in Israel orange juice.
The R( values of the identified amino acids according 

to solvent systems No. 1, 2, and 3 represent averages from 
analysis of the 22 different orange juice samples. The Rf 
values listed for solvent systems No. 4, 5, 6 and 7 were 
obtained from only two - of these samples, analyzed pri
marily for confirmatory evidence. The values given for 
the thin-layer chromatographic analysis were those from 
one juice sample only, which was employed specifically for 
the confirmation of phenylalanine and secondarily for tyro
sine. The values in parentheses are those obtained with 
the pure compound, where available.
It will be seen that the reproducibility of the R£ values 

differs somewhat with each of the three principal solvent 
systems used. Solvent systems No. 1 and 2 show high
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Table 3. Quantitative estimation of some free amino acids in Israel processed orange juice.
Concentration (mg/100 ml. juice)

Amino acid
Israel Shamouti1 California Valencia2 California Navel2

Range Average Range Average Range Average
Alanine 34-38 36 13-25 17 18 18Arginine 44-46 45 90-150 120 73-82 77Aspartic Acid 105-125 115 32-94 71 41-44 42Glutamic Acid 27-29 28 19-71 49 19-21 20Leucine 5-7 6 (traces3) — — —
Lysine 7-13 10 (223) — — —Serine 67-73 70 4-36 15 23-30 26
Valine 11-13 12 (traces3) — — —

1 Values from 6 samples of Israel Shamouti oranges representing 6 different groves selected at mid-season.2 Rockland (1959).3 Rockland (1961).

reproducibility, although with solvent system No. 2 the R( 
values of the pure compounds of aspartic acid and glu
tamic acids are markedly lower than those of the juice. 
Solvent system No. 3 also shows fairly good reproduc
ibility, and the Rf values of the pure compounds (except 
lysine) are in close agreement with those of the samples.
Such reproducibility of Rf values, with all of the solvent 

systems, can be considered as a reliable criterion of 
identity.
Table 3 records the concentration of eight amino acids 

in six samples as estimated by the colorimetric technique, 
with solvent systems No. 1 and 3. A comparison of these 
results with those obtained with California Valencia 
oranges and California Washington Navel (Rockland, 
1959; 1961), shows that Israel Shamouti orange juice 
contains more alanine, more valine, more than twice the 
amount of serine, and slightly more leucine; but less argi
nine, glutamic acid, and lysine, than Valencia orange juice.
The Israel Shamouti orange juice also contains more 

alanine, serine and aspartic acid but less arginine than 
Calfornia Washington Navel orange.
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SUMMARY—The effect of pH and incubation tem perature 
on the development of filtrate color, and a modified extract 
release volume (ERV) were studied in unfrozen and frozen, 
pre- and post-rigor ovine muscle homogenates.

Buffer-pH, incubation tem perature and the interaction be
tween these two factors had a highly significant effect 
(P <  0.01) on filtrate color and ERV. Rigor state and the 
interactions, rigor state X buffer-pH, freeze state X buffer- 
pH, and freeze state X incubation tem perature had a highly 
significant effect (P <  0.01) upon ERV after 24 hr incubation.

Pale colored filtrates developed in hom ogenates that 
were buffered at pH 5.2 and 5.6 and incubated at 20, 30, 
and 40°C. There was a significant correlation between ulti
mate pH and color scores for the filtrates obtained from 
hom ogenates incubated at 10, 20, 30, and 40°C  but there 
was no relationship between the two variables when the 
hom ogenates w ere incubated at 0 and 5°C. The ERV de
creased significantly (P <  0.01) with increasing incubation 
tem peratures and pH of buffer. Pre-rigor homogena*-es at 
low pH levels released significantly smaller (P < 0 .0 1 )  
amounts of extract than did post-rigor tissue. Incubation 
tem perature influenced the m agnitude of the correlation 
between ultimate pH and ERV.

INTRODUCTION
N u m er o u s  in ve stig a to r s , (W is m e r-P e d e rs e n  et al., 

1961a ,b ; B e n d a ll et a l., 1962 ; and  K a s te n s c h m id t et al.,
1964) have dem onstra ted  th a t the  deve lopm ent o f pale, 
so ft, exu d a tive  ( P S E )  po rc in e  m uscu la tu re  is associated 
w ith  the  ra p id  decline  o f tissue p H  at e levated tem pe ra 
tu res. M c L a u g h lin  et a l. (1 9 6 3 ) re p o rte d  th a t p re -r ig o r  
ex trac ts  o f po rc in e  sarcop lasm ic p ro te in s , bu ffe red  a t v a r i
ous p H  levels, became tu rb id  and subsequently  developed 
a pa le co lo r w h en  incuba ted  a t e levated tem pera tu res. 
T h e y  pos tu la ted  th a t m yo g lo b in  became bound to  the  sarco
p lasm ic  p ro te in s  and was subsequently  p re c ip ita ted .

C o n flic t in g  evidence is presented b y  H e n ry  et a l. (1 9 5 5 ) 
and  L a w r ie  (1 9 6 0 ) w h o  re p o rte d  the  absence o f m yo g lo b in  
in  P S E  tissue, w h ile  B r is k e y  et a l. (1 9 5 9 ) w ere  unab le  to  
dem onstra te  d iffe rences in  m y o g lo b in  con ten t in  P S E  and 
d a rk , f irm  and d ry  ( D F D )  tissue. W ism e r-P e d e rse n
(1 9 5 9 ) po s tu la te d  th a t v a r ia t io n  in  m uscle c o lo r was in d e 
penden t o f p ig m e n t con cen tra tion , and was due to  d if fe r 
ences in  the  spectra l p ro p e rtie s  o f l ig h t  re flec ted  f ro m  the 
c u t surface o f the  m uscle.

T h e  lim ite d  a m o un t o f in fo rm a tio n  th a t is ava ilab le  on 
fac to rs  associated w ith  v a ria tio n s  in  co lo r, w a te r b in d in g  
capac ity  and E R V  o f ov ine  and bo v in e  tissue s tro n g ly  im 

* P resen t a d d re ss : D epartm ent of Anim al H usbandry , U niver
sity of M issouri, Columbia, M issouri. 65201

plicates the in fluence  o f p H  ( H a l l  et a l., 1944 ; H e d r ic k  
et a l., 1959, 1961 ; U r b in  et al., 1961 ; M u n n s  et a l., 1 9 6 5 ).

T h e  ex istence o f a h ig h  inve rse  re la tio n s h ip  betw een p H  
and w a te r h o ld in g  capacity , d r ip  release, and  E R V ,  in  
frozen  and u n fro z e n  p o s t-r ig o r  bo v in e  tissue has been re 
p o rte d  b y  E m p e y  (1 9 3 3 ) , S a ir et a l. (1 9 3 8 ) , B o u to n  et al.
(1 9 5 7 ) , H a m m  (1 9 6 3 ), and Jay  (1 9 6 4 ) .

S im ila r ly ,  i t  has been re p o rte d  th a t the  p o s t-m o rte m  
in te rv a l p r io r  to  fre e z in g  (S a ir  et a l., 1938 ; R a m sbo ttom  
et a l., 1940) and the r ig o r  phase o f the  tissue (H a m m ,
1963) in fluence  the w a te r h o ld in g  capacity .

T h is  a rtic le  re p o rts  a s tudy  on the  effects o f p H ,  in cu b a 
t io n  tem pe ra tu re , r ig o r  state, freeze state and th e ir  in te r 
actions u p on  f i lt ra te  c o lo r and m o d ifie d  E R V  o f ov ine  
m uscle hom ogenates.

EXPERIMENTAL
Materials

F iv e  c ross-b red  lam bs— a p p ro x im a te ly  9  m on ths  o ld , o f 
u n k n o w n  gene tic  and n u tr it io n a l h is to ry — w ere  s laugh te red  
a fte r  12 h r  s ta rva tio n . T h e  com ple te  r ig h t  lo ng iss im u s  
d o rs i m uscle was rem oved fro m  each an im a l w ith in  10 m in  
o f s la ug h te r ( p r e - r ig o r ) .  T h e  carcasses w ere  h e ld  a t 5 °C . 
and 48 h r  p o s t-m o rte m  the  com ple te le ft  lo n g iss im u s  d o rs i 
was rem oved (p o s t- r ig o r ) .  A f te r  rem o va l o f a ll e x te rn a l 
connective  tissue and fa t the  tissue was g ro u n d  th ro u g h  a 
fine  p la te .

Methods

A  30 -g  sam ple o f each m uscle was m ix e d  w ith  120 m l 
o f c h ille d  (3 ° C )  0.12 M  cacody lic  ac id -so d iu m  cacodylate 
b u ffe r and hom ogenized a t h ig h  speed fo r  2 m in  in  a 
S e rv a ll O m n i-m ix . B u ffe re d  hom ogenates w e re  p repa red  
a t 5 p H  le v e ls : 5.2, 5.6, 6.0, 6.4, and 6.8.

A n  a liq u o t o f 60 m l f ro m  each bu ffe red  hom ogenate was 
tra n s fe rre d  im m e d ia te ly  in to  a p la s tic  bag, fro ze n  fo r  45 
m in  in  a d ry  ice -e thano l m ix tu re  and subsequently  s to red  
a t — 10°C  fo r  24 h r. T h e  re m a in in g  p o r t io n  o f bu ffe red  
hom ogenates was p repa red  fo r  im m ed ia te  in cu b a tio n  a t the 
d iffe re n t tem pe ra tu res. A p p ro x im a te ly  o n e -s ix th  o f each 
hom ogenate ( fro z e n  and u n fro z e n ) was incuba ted  in  a 
/ f j - in .  test tube  fo r  24 h r  a t one o f the  fo llo w in g  te m p e ra 
tu res  : 0, 5, 10, 20, 30, and 40 °C . Phase sep a ra tion  d u r in g  
in cu b a tio n  was p reven ted  by  p e rio d ic  sh a k in g  o f a ll 
samples.

T h e  p rocedure  o f Jay  (1 9 6 4 ) was m o d ifie d  fo r  the  
d e te rm in a tio n  o f e x tra c t release vo lum e . A f te r  24  h r  in c u 
ba tion , the  hom ogenates w e re  f ilte re d  a t 5 °C  fo r  1 h r  and
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T able  1. M ean pre- and post-incubation p H  values for pre- and post-rigor m uscle hom ogenates.1

Buffer pH2
5.2 5.6 6.0 6.4 6.8

Treatment Pre Post Change Pre Post Change Pre Post Change Pre Post Change Pre Post Change

P re -rig o r 5.57a 5.23“ -0 .3 4 5.78* 5.52* -0 .2 6 6.10* 6.07* -0 .0 3 6.42“ 6.67* +0.25 6.70“ 6.90* +0.20
Post-rigor 5.32b 5.17* -0 .1 5 5.65” 5.55* - 0 .1 0 5.97b 6.47” + 0 .50 6.31b 6.98b + 0.67 6 .6T  7.11” +0.50

1 n =  60.
2 M eans of pre- and post-rigor hom ogenates within a  buffer pH  followed by same postscrip t not significantly different ( P  <  0.05).

the  E R V  was ca lcu la ted b y  re la t in g  the  w e ig h t o f the 
f i lt ra te  to  the w e ig h t o f the  hom ogenate filte re d . H o m o g e 
nate co lo r was s u b je c tiv e ly  eva luated on the  f i lt ra te  us ing  
a 10 p o in t ra t in g  scale. A  pa le c o lo r (O .D . 540 m/j, =  0 .0 7 ) 
was ra ted  as 1 and a d a rk  red  c o lo r (O .D . 540 m/u. =  0 .8 2 )

Table 2. A nalysis of variance of pre-incubation p H  values.

Source of variation
Degrees of 

freedom
Mean

squares

R igor state l 3.16**
Buffer pH 4 28.21***
Anim als 4 0.31**
Anim als X rigor (E r ro r  1) 4 0.27**
Anim als X buffer pH 16 0.04
R igor X buffer pH  
Anim als X rigor X buffer pH

4 0.13**

( E r ro r  2) 16 0.02
T otal 49

** P  <  0.01. 
*** P  <  0.001.

Table 3. M ean post-incubation pH  values for pre- and post
rigor frozen and unfrozen hom ogenates.1

Freeze state2
Mean and 
standard

Rigor state Unfrozen Frozen deviation

P re -rig o r 6.07X
b

6.01X 6.04 ±  0.36

P ost-rigo r
a

5.97Y
b

5.95Y 5.96 ±  0.41
M ean and standard 

deviation 6.01 ±  0.39 5.98 ±  0.39

1 n  =  150.
2 M eans w ithin a  rigor treatm ent followed by same low er case 

superscrip t and those w ithin a  freeze sta te  followed by same upper 
case subscript no t significantly different ( P  <  0.05).

as 10. P re - and p o s t-in cu b a tio n  p H  values w e re  m easured 
a t each in cu b a tio n  tem pe ra tu re .

T h e  e x p e rim e n t had a 2 x 2 x 5 x 6 x 5  fa c to r ia l 
design and a s tandard  ana lys is  o f va rian ce  was used. T h e  
sources o f v a r ia t io n  w e re  tested fo r  s ign ificance  aga inst the 
a p p ro p ria te  expected e r ro r  m ean square (S te e l et al.,
19 60 ). T h e  pe rcen t E R V  da ta  w e re  n o t tra n s fo rm e d  p r io r  
to  ana lys is  because th e ir  d is tr ib u tio n  w as n o rm a l.

RESULTS AND DISCUSSION
Incubation of buffers

C acody lic  ac id -so d iu m  cacodyla te  b u ffe rs  w e re  used in  
th is  e x p e rim e n t because o f th e ir  w id e  range  ( p H  5 .0 -7 .4 ) 
and stab le p K a  ove r a w id e  range  o f tem pe ra tu re s  (D a w 
son et a l., 19 59 ). W h e n  the  b u ffe rs  w e re  tested u n d e r the  
co n d itio n s  used in  th is  e xp e rim e n t, the  p o s t-in cu b a tio n  p H  
va lues w ere  s im ila r  in  a ll cases to  those reco rded  p r io r  to  
in cuba tion .

Pre- and post-incubation homogenate pH

T a b le  1 presents the  p re - and p o s t-in c u b a tio n  p H  values 
poo led w ith in  each b u f fe r -p H  tre a tm e n t fo r  p re - and pos t
r ig o r  tissue. A t  a ll b u ffe r -p H  leve ls the  p re -in c u b a tio n  p H  
values o f p o s t-r ig o r  tissue w ere  s ig n if ic a n tly  lo w e r ( P  <  
0 .0 5 ) th a n  the  co rre sp o n d in g  p re - r ig o r  sam ple. P re - in c u 
b a tio n  p H  values d iffe re d  s ig n if ic a n tly  ( P  <  0 .0 01 ) am ong 
b u ffe r g roups  and between r ig o r  states ( P < 0 . 0 1 )  and 
the re  was a h ig h ly  s ig n if ic a n t ( P  <  0 .0 1 ) in te ra c tio n  be
tw een  them  (T a b le  2 ) .

T a b le  3 presents the  m ean p o s t-in c u b a tio n  p H  va lues fo r  
fro ze n  and un frozen , p re - and  p o s t-r ig o r  hom ogenates. 
T a b le  4  presents means a t each b u f fe r -p H  le ve l and in c u 
b a tio n  tem pe ra tu re . T a b le  5 presents the  ana lys is  o f v a r i
ance. R ig o r  state ( P  <  0 .0 1 ) ,  b u f fe r -p H  ( P  <  0 .0 0 1 ), 
freeze state ( P  <  0 .0 1 ) and in cu b a tio n  te m p e ra tu re  ( P  <

T able  4. M ean post-incubation p H  value a t each buffer p H  and incubation tem perature.1
Incubation temperature (°C)2

Buffer pH 0 5 10 20 30 40
Mean and 
standard 
deviation

5.2 S.49*b 5.50*b 5.49*b 5.49“b 5.52“ 5.46” 5.49 ±  0.49
5.6 5.71* 5.71* 5.71“ 5.72* 5.71* 5.65b 5.70 ±  0.10
6.0 5.99“ 5.99* 5.99* 5.98* 5.97* 5.89b 5.97 ± 0 .1 3
6.4 6.31“ 6.31* 6.31“ 6.31* 6.30* 6.22b 6.29 ±  0.07
6.8

M ean and
6.54* 6.56* 6.52* 6.52* 6.51* 6.38b 6.50 ±  0.13

standard
deviation 6.01 ±  0.40 6.01 ±  0.40 6.01 ±  0.40 6.00 ±  0.39 6.00 ±  0.38 5.29 ±  0.38

1 n =  20.
2 M eans w ithin a  buffer p H  followed by the same postscript no t significantly different (P  <  0.05).



202— JO URNAL OF FOOD SCIENCE— Volum e 33 (1968)

Table 5. A nalysis of variance of post-incubation pH  values, color score and ex trac t release 
volumes (m ean squares).

Post-incubation pH Color ERV
Source of 
variation df

Mean
square

Error
number

Mean
square

Error
number

Mean
square

Error
number

R igor state
(R ) 1 1.173** i 5.80 i 10139.37* i

B uffer pH
(p H ) 4 20.670*** 2 72.10*** 15 440.86*** 15

Freeze state
(F ) 1 0.143** 3 12.62 3 1.88 3

Incubation
tem perature
(T ) 5 0.037** 4 80.44*** 4 357.79** 4

Anim als (A ) 4 0.140*** 15 25.77*** 15 248.69*** IS

A X R
(E rro r  1) 4 0.068** 15 19.14** IS 492.92** 15

A X pH
(E rro r  2) 16 0.043*** 15 0.77 15 31.20 15

R  X pH 4 0.250*** 5 1.20 15 307.31** 5
A X F

(E r ro r  3) 4 0.008* IS 9.34** 15 69.42* 6
R  X F 1 0.114** IS 1.82 6 3.83 IS
pH  X F 4 0.043 7 0.74 15 190.60** 7
A  X T

(E r ro r  4) 20 0.022*** 15 1.79** 15 82.30** IS

R X T 5 0.002 15 0.49 8 15.98 8
F  X T 5 0.002 15 0.55 15 224.51** 15
pH  X T 20 0.008* 15 13.37** 15 43.08* 15
A  X R  X pH

(E r ro r  5) 16 0.34*** 15 0.99 15 53.08** 15
A  X R  X F

(E r ro r  6) 4 0.004 IS 4.26** 15 210.38** 15
A X p H  X F

(E r ro r  7) 16 0.044*** 15 0.69 15 38.35* 15
R  X pH  X F 4 0.072 11 0.19 11 117.63 11
A X R  X T

(E r ro r  8) 20 0.010** 15 1.95** 15 40.48* 15
A X pH  X T

(E r ro r  9) 80 0.004 15 , 0.74 15 24.52 15
R  X p H  X T 20 0.005 15 1.42** 15 34.07 15
A  X F  X T

(E r ro r  10) 20 0.004 15 0.78 15 25.96 15
R  X F  X T 5 0.0009 13 2.05 13 34.24 15
pH  X F  X T 20 0.0018 15 0.88 IS 20.16 15
A  X R  X pH  X F  

(E r ro r  11) 16 0.037*** 15 1.16* 15 52.36** 15
A X R  X pH  X T  

(E r ro r  12) 80 0.03 15 0.76 15 24.83 15
A X R  X F  X T 

(E r ro r  13) 20 0.0019 15 1.09* 15 17.41 15
A X p H  X F  X T  

( E r ro r  14) 80 0.002 15 0.51 15 16.73 15
R  X pH  X F

X T 20 0.003 15 1.20* 15 35.78 15
A X R  X pH  

X F  X T
(E r ro r  15) 
T otal

80
599

0.003 0.59 21.59 IS

* P  <  0.05. 
** P  <  0.01. 

*** P  <  0.001
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Table 6. M eans and standard  deviations for color scores and E R V .

Treatment
o r .condition Color score ERV

Unfrozen 6.30 ±  1.75 42.36 ±  8.12
Frozen 6.01 ±  1.59 42.47 ±  7.60
P re -rig o r 6.06 ±  1.59 38.31 ±  6.28
Post-rigor 6.25 ±  1.76 46.53 ±  7.19
pH

5.2 5.20 ±  2.05 44.46 ±  8.24
5.6 5.53 ±  1.79 44.15 ±  8.21
6.0 6.25 ±  1.42 42.46 ±  7.74
6.4 6.83 ±  1.06 40.16 ±  7.04
6.8 6.96 ±  1.09 40.85 ±  7.39

Incubation temp. (°C )
0 7.07 ±  0.83 43.80 ±  7.99
5 7.01 ±  0.92 43.20 ±  8.54

10 6.72 ±  1.12 44.10 ±  7.12
20 5.65 ±  1.59 43.13 ± 8 .0 7
30 5.56 ±  1.83 41.07 ±  7.81
40 4.90 ±  2.06 39.22 ±  6.80

0 .0 1 ) each had a s ig n if ic a n t e ffect on the  po s t-in cu b a tio n  
p H  o f the  hom ogenates. S ig n ific a n t in te ra c tio n s  w ere  
fo u n d  between r ig o r  state X  b u f fe r -p H  ( P  <  0 .0 0 1 ), r ig o r  
s tate X freeze state ( P  <  0 .0 1 ) and  b u f fe r -p H  X in cub a 
t io n  tem pe ra tu re  ( P  <  0 .0 5 ).

E x a m in a tio n  o f the  m eans w ith in  each tre a tm e n t level 
o f the  s ig n if ic a n t m a in  effects showed th a t the  p o s t-in c u 
ba tion  p H  values o f p re - r ig o r  tissue w e re  s ig n if ic a n tly  
g re a te r th a n  those fo r  p o s t-r ig o r  tissues, and un fro zen  
hom ogenates w e re  h ig h e r tha n  fro ze n  (T a b le  3 ) .  A t  a ll 
p H  levels the  m ean a t 4 0 °C  was s ig n if ic a n tly  lo w e r ( P  <  
0 .0 5 ) th a n  those a t the  re m a in in g  tem pe ra tu res  (T a b le  4 ) .  
These data do n o t substan tia te  resu lts  re p o rte d  in  e a rlie r 
in ve s tig a tio n s  on w h o le  m uscle by B r is k e y  et a l. (1 9 6 1 ) 
and  C ook et a l. (1 9 6 6 a ). T h e  m ag n itu d e  o f the  p H  change 
d u r in g  in cu b a tio n  d iffe re d  fo r  p re - and p o s t-r ig o r  hom oge
nates a t the  d iffe re n t p H  levels (T a b le  1 ).

Filtrate color

T h e  m ean f i lt ra te  c o lo r scores a t each b u ffe r -p H , in c u 
b a tion  tem pe ra tu re , freeze and r ig o r  state are show n in 
T a b le  6  and the  ana lys is  o f va riance  in  T a b le  5. In c u b a 
t io n  tem p e ra tu re  ( P  <  0 .0 1 ) and b u f fe r -p H  ( P  <  0 .001) 
each had a h ig h ly  s ig n if ic a n t e ffect to g e th e r w ith  the

Table 7. 
buffer p H .1,2

M ean color score at each incubation tem perature and

Buffer pH
Incubation temperature (°C)

0 5 10 20 30 40

a ab b C C d
5.2 7.2X 6.8X 6.5X 4.4X 3.7 2.6

a a b b b c
5.6 7.1X 7.2X 6.5X 4.4X 4.7 3.4

a ab b c c c
6.0 7.2X 7.0X 6.6X 5.6 5.9 5.4

a a a a a a
6.4 6.9X 7.0X 7.0X 6.7Z 6.9Z 6.6X

a a a a a a
6.8 7.0X 7.1X 7.1X 7.2Z 6.8Z 6.7X

1 M eans w ithin a buffer level followed by the same lower case 
superscript and those w ithin an incubation tem perature  treatm ent 
followed by the same upper case subscript not significantly differ
ent ( P < 0 .0 5 ) .

2 n =  20.

in te ra c tio n , in cu b a tio n  te m p e ra tu re  X b u ffe r -p H  ( P  <
0 .0 1 ) .

A n a ly s is  o f the means by D u n c a n ’s m u ltip le  range test 
w ith in  each b u f fe r -p H  leve l and te m p e ra tu re  tre a tm e n t is 
presen ted in  T a b le  7. T h e  m ean c o lo r values o f the 
hom ogenates bu ffe red  a t the  h ighes t levels ( p H  6.4, 6 .8 ) 
d id  n o t d iffe r  a fte r in cu b a tio n  fo r  24 h r  a t the  d iffe re n t 
tem pera tu res. A t  the re m a in in g  p H  values ( p H  5.2, 5.6,
6 .0 ) f i lt ra te  c o lo r in te n s ity  v a r ie d  am ong  the  in cub a tion  
tem pe ra tu res . A t  these p H  va lues the  in te n s ity  decreased 
as the tem p e ra tu re  increased.

C o lo r scores w ere  n o t in flue nced  by  b u f fe r -p H  w hen 
the  hom ogenates w ere  incuba ted  a t the  lo w e r tem pe ra 
tu res  (0 , 5, 1 0 °C ), w hereas at the  h ig h e r tem pe ra tu res 
(20 , 30, 4 0 °C ) the  in te n s ity  decreased s ig n if ic a n tly  as the 
p H  o f the hom ogenate decreased.

Because some post in cu b a tio n  p H  values d iffe re d  s ig 
n if ic a n tly  ( P  <  0 .0 5 ) fro m  the o r ig in a l b u ffe r values, 
reg ress ion and s im p le  c o rre la t io n  coe ffic ien ts w e re  ca lcu 
la ted  us ing  actua l post in cu b a tio n  data. T a b le  8 presents 
the reg ress ion  equations, t  values fo r  reg ress ion  slopes and 
s im p le  c o rre la tio n  coeffic ien ts betw een post in cu b a tio n  p H  
values ( X i )  and co lo r score ( Y i )  fo r  da ta w ith in  each 
tem pe ra tu re  trea tm e n t.

T h e  lin e a r reg ress ion  p ro v id e d  the best f i t  fo r  a ll the 
data, except th a t a t 30°C , in  w h ic h  the  cub ic  equa tion  sub
s ta n tia lly  reduced the e r ro r  te rm  (F ig .  1 ).

Table 8. Relationship betw een u ltim ate pH  (X i)  and color score (Y i) and ultim ate p H  (X i)  and E R V  (Y») 
w ithin a tem perature  treatm ent.

Incubation Color score Extract release volume

(°C) r Regression equation Bt =  Bo r Regression equation Bt — Bo

0 0.08 Yi =  8.02 —0.15 Xi 0.75 —0.45** Yo =  98.62 - 9.13 Xi 5.04**

5 0.05 Y i =  6.26 +  0.13 Xi 0.53 -0 .3 7 * * Y . =  90.87 - 7.93 X i 3.93**
10 0.24* Y i =  2.6 +  0.69 Xi 2.49* —0.46** Y2 =  94.01 - 8.31 X! 5.20**
20 0.72** Y , =  — 11.91 +  2.93 X i 10.33** -0 .3 0 * * Y» =  80.49 - 6.22 X, 3.15**
30 non 

linear 1 Yi =  -  11 8 .7 2 +  38.23 X t -0 .2 0 * Y li ON Cn 1 4.05 X, 1.99*

40 0.75**
-  2.88 X 2 -  0.0047 X 3 

Y i =  -  18.99 +  4.03 X i 11.14** -0 .0 7 Y2 =  47.29 - 1.36 X , -0 .7 6

1 Cubic form  of regression  equation X i =  pH , X 2 =  p H 2, X 3 — p H 3. 
* P  <  0.05.

** P  <  0.01.
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POST INCUBATION pH
F ig . 1. R e g r e s s io n  o f  u lt im a te  p H  ( X i )  u p o n  c o lo r  sc o r e  ( Y i )  

a t  each  in cu b a tio n  te m p e r a tu r e .

T h e  slopes o f the  reg ress ion lines a t the  h ig h e r te m 
pe ra tu re s  (1 0 , 20 and 40° C )  w e re  s ig n if ic a n tly  d iffe re n t 
f ro m  zero, and the  c o rre la tio n  coe ffic ien ts betw een the 
tw o  va riab les  w e re  s ig n ifica n t, 0.24, 0.72 and 0.77 fo r  the 
10, 20 and 4 0 °C samples respective ly . A t  the  lo w e r te m 
pe ra tu res  (0  and 5 °C ) the  re la tio n s h ip  was n o t s ig n ifica n t.

These data dem onstra te  th a t the  c o lo r o f ov ine  m uscle 
e x tra c t is  s ig n if ic a n tly  in fluenced  b y  p H  and in cu b a tio n  
tem pe ra tu re , and the com b ined  effect o f these tw o  fac to rs . 
A lth o u g h  v a r ia tio n s  in  p H  and in cu b a tio n  tem pe ra tu re  
m an ifes ted  s ig n if ic a n t effects, in  each case these d if fe r 
ences occur above o r be low  a specific  p H  o r  in cub a tion  
tem pe ra tu re .

These data show  th a t la rg e  v a r ia tio n s  in  m uscle co lo r 
are n o t in fluenced  so le ly  by  p H  (W in k le r ,  1939 ; M u n n s  
et a l., 1965) b u t ra th e r by the  com b ined  effects o f p H  and 
te m pe ra tu re  ac tin g  c o n c o m i t a n t ly ,  (W is m e r-P e d e rs e n  
et al., 1961a; M c L a u g h lin  et a l., 1 9 6 3 ). These tw o  fac to rs  
b ro u g h t abou t c o lo r changes o f the  same m a g n itu de  in  
b o th  p re - and p o s t-r ig o r  hom ogenates.

R ig o r  state and freeze tre a tm e n t had no dem onstrab le  
effect upon  c o lo r developm ent, e ith e r in d iv id u a lly  o r  in  
associa tion w ith  o th e r m a in  effects. T h is  suggests th a t

the  b iochem ica l m an ifes ta tio ns  o f the  deve lopm en t and 
re s o lu tio n  o f r ig o r ,  o th e r tha n  decline  in  p H ,  do n o t 
in fluence  the in h e re n t p ro p e rtie s  o f the  m uscle  w h ic h  
induce  o r are associated w ith  c o lo r deve lopm ent.

Extract release volume

A n a ly s is  o f va rian ce  (T a b le  5 ) shows th a t r ig o r  state 
o f tissue ( P  <  0 .0 5 ) b u ffe r leve l o f hom ogenate  ( P  <  
0 .0 01 ) and in cu b a tio n  te m p e ra tu re  ( P  <  0 .0 5 ) each had 
s ig n if ic a n t effects upon  e x tra c t release vo lum e . T h e  m ean 
E R V  values o f the  s ig n if ic a n t m a in  effects are presen ted 
in  T a b le  9. T h e  fo llo w in g  in te ra c tio n s  w e re  s ig n if ic a n t:  
in cu b a tio n  te m pe ra tu re  X b u ffe r -p H  ( P  <  0 .0 5 ) ,  r ig o r  
state X b u ffe r -p H  ( P  <  0 .0 1 ) , in cu b a tio n  te m p e ra tu re  X 
freeze state ( P  <  0 .0 1 ) , and freeze state X b u ffe r -p H  
(P  <  0 .0 1 ) . These are show n in  T ab les  9, 10, 11 respec
t iv e ly . T h e  tre a tm e n t m eans w e re  ana lyzed us in g  D u n c a n ’s 
m u ltip le  range test.

pH x incubation temperature

T a b le  9 shows th a t the  E R V  o f hom ogenates bu ffe red  
a t the  up pe r p H  leve ls (6 .4 , 6 .8 ) d id  n o t v a ry  am ong 
in cu b a tio n  tem pe ra tu res , b u t a t lo w e r p H  va lues (5 .2 , 5.6,
6 .0 ) the  e ffect o f in cu b a tio n  te m p e ra tu re  was s ig n ifica n t. 
H om ogena tes b u ffe re d  a t 5.2, 5.6 and incuba ted  a t 0, 5, 10 
and 20° C released s ig n if ic a n tly  la rg e r qu a n titie s  ( P  <  
0 .0 5 ) o f e x tra c t tha n  those incuba ted  a t the  h ig h e r te m 
pe ra tu re s  (30 , 4 0 ° C ) .  A t  p H  6.0 the  E R V  o f the  sam ple 
incuba ted  a t 4 0 °C  was s ig n if ic a n tly  lo w e r th a n  the  
rem a inde r.

P o o lin g  the  da ta  w ith in  te m pe ra tu re  trea tm e n ts  showed 
th a t the E R V  o f hom ogenates incuba ted  a t the  lo w e r te m 
pe ra tu res  (0 , 5, 10 and 2 0 °C ) released sm a lle r am oun ts  
o f e x tra c t as the  p H  was ra ised. T h is  agrees w ith  the  
ge n e ra lly  accepted p o s tu la tio n  in d ic a tin g  a s tro n g  re la t io n 
sh ip  between p H  and  w a te r b in d in g  capac ity  o f w h o le  
m uscle o r E R V ,  (E m p e y , 1933, S a ir  et a l., 1938 ; B o u to n  
et a l., 1957; H a m m , 1963 ; Jay, 1964 ; C ook et a l., 19 66b). 
T h e  fac t th a t a s im ila r  p a tte rn  was n o t show n fo r  the  
hom ogenates incuba ted  a t the h ig h e r tem pe ra tu re s  (3 0 , 
4 0 °C ) agrees w ith  the  d r ip  and c o o k in g  loss da ta  on 
w ho le  m uscle (C o o k  et a l., 19 66b).

R egress ion and c o rre la tio n  analyses w e re  ca lcu la ted  
between post in cu b a tio n  p H  ( X i )  and E R V  ( Y i )  a t each 
tem p e ra tu re  trea tm e n t. These are presen ted in  T a b le  8,

Table 9. M ean percent e x trac t release volumes a t each buffer-pH  and incubation tem perature.1

Buffer
pH

Post-incuba
tion pH

Incubation temperature (°C)2
0 5 10 20 30 40

a a a ab b C
5.2 5.49 46.75X 46.20X 47.04X 44.94X 42.90X 38.93X

a a a a b b
5.6 5.70 47.06X 44.72X 46.08X 45.82X 40.47X 40.04X

a a a a a b
6.0 5.97 44.05XY 43.96XY 44.52X 42.40YZ 41.39X 38.41X

a a a a a a
6.4 6.29 41.13YZ 39.46Z 41.00Y 40.35Z 40.41X 38.62X

a a a a a a
6.8 6.50 39.99Z 41.63YZ 41.12Y 42.11YZ 40.18X 40.10X

1 n =  2°.
2 M eans w ithin a buffer pH  followed by the same low er case superscrip t and those w ithin an incubation tem 

perature  trea tm en t followed by the same upper case subscript a re  not significantly different (P  <  0.0S).
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T ab le  10. M ean percent E R V  for pre- and post-rigor, unfrozen and frozen hom ogenates a t 
different buffer levels.1

Treatment
or

condition
Buffer pH2

5.2 5.6 6.0 6.4 6.8

a a a a a
P re -rig o r 387SX 39.20X 37.80X 36.49X 39.29X

c b b a a
P o st-rig o r S0.17Y 49.11Y 47.11 Y 43.84X 42.42X

Difference 11.42 9.91 9.31 7.35 3.13
a a b b b

U nfrozen 46.18X 44.87X 41.7SX 39.60X 39.42X
ab b ab a ab

Frozen 47.73Y 43.44X 43.17X 40.73X 42.30X

Difference 3.4S 1.43 -1 .4 2 -1 .1 3 -2 .8 8

1 n =  60.
2 M eans w ithin a rig o r and freeze trea tm en t followed by the same lower case superscrip t and 

those w ithin a  buffer pH  followed by same upper case subscript no t significantly different 
( P  <  0.0S).

T able  11. M ean percent e x trac t release volumes of frozen and unfrozen hom ogenates a t each 
incubation tem perature.1

Treatment
of

muscle

Incubation temperature (°C)2
0 5 10 20 30 40

abc ab d bed bed a
U nfrozen 41.87X 41.66X 44.0 IX 43.16X 42.87X 40.60X

c be be b a a
Frozen 45.73Y 44.73Y 44.18X 43.10X 39.30Y 37.84Y

1n =  60.
2 M eans w ithin a  freeze trea tm en t followed by the same lower case superscrip t and those 

w ithin a  tem perature  trea tm en t followed by the same upper case subscript no t significantly 
different ( P < 0 .0 5 ) .

tog e the r w ith  the  t  values fo r  reg ress ion  slopes. T h e  
lin e a r reg ress ion  p ro v id e d  the best f i t  fo r  a ll the  data 
(F ig .  2 ) .  T h e  slopes o f a ll reg ress ion  lines, excep t a t 
40 °C , w e re  s ig n ifica n t.

S ig n ific a n t nega tive  c o rre la tio n  coe ffic ien ts between the 
tw o  va riab les  w e re  observed a t a ll tem pe ra tu res  except 
40 °C . T h e  h ighes t c o rre la t io n  was a t 10°C  in  w h ic h  the 
v a r ia t io n  in  p H  accounted fo r  21%  o f the  v a r ia t io n  in  
E R V .  T h is  decreased as in cu b a tio n  tem pe ra tu re s  in 
creased.

Rigor state x buffer-pH

T h e  m ean E R V  values at each r ig o r  s tate and b u ffe r -p H  
are show n in  T a b le  10. A t  the  lo w e r p H  levels (5 .2 , 5.6,
6 .0 ) p re - r ig o r  tissue re leased s ig n if ic a n tly  sm a lle r am ounts 
o f e x tra c t th a n  d id  p o s t-r ig o r  tissue  ( P  < 0 . 0 5 ) .  T h e re  
was no d iffe rence  betw een r ig o r  states fo r  hom ogenates 
b u ffe re d  a t p H  6.4 and  6.8. A lth o u g h  i t  is  ge n e ra lly  
accepted th a t p re - r ig o r  tissue has g re a te r w a te r b in d in g  
capac ity  th a n  p o s t-r ig o r  tissue (S a ir  et a l., 1938 ; B r is k e y , 
1964 ; H a m m , 1963) these data show  th a t th is  re la tio n sh ip  
betw een r ig o r  state and E R V  is o n ly  v a lid  i f  the  p H  o f 
the  tissue is 6.0 o r  less.

S ince bo th  tissues w e re  sub jected  to  the  same b u ffe r 
leve l and tem p e ra tu re  tre a tm e n t, i t  appears th a t the  b io 
chem ica l changes th a t occu r d u r in g  the  onset and re so lu 
t io n  o f r ig o r  in  w h o le  m uscle a lte r the  p ro p e rtie s  o f the 
p ro te in s  in  such a m anne r th a t a t lo w  p H  leve ls (5 .2 , 5.6,
6 .0 ) th e ir  a b il i ty  to  b in d  w a te r is decreased. I t  m ig h t be

assumed th a t the  changes associated w ith  f ib e r sho rte n in g  
have a s ig n ifica n t effect upon  w a te r b in d in g  capacity . C u r
re n t in ve s tig a tio n s  s tro n g ly  substan tia te  th is  (C o o k , 1968).

E a r l ie r  stud ies (H a m m , 1960 ; H a m m  e t a l., 1960; 
B r is k e y , 1964 ; Jay, 1964) have dem onstra ted  the  e x is 
tence o f a s tro n g  p o s it iv e  re la tio n s h ip  betw een m uscle 
w a te r b in d in g  capac ity  and p H  values betw een 5.0 and
11.0. M easurem en t o f E R V  shows th a t th is  re la tio n s h ip  
ho lds tru e  o n ly  i f  the  pa ram ete rs  a re  d e te rm in ed  in  po s t
r ig o r  m uscle. T h e  da ta  (T a b le  10) show  th a t v a ria tio n s  
in  b u f fe r -p H  d id  n o t s ig n if ic a n tly  a ffect the  E R V  o f p re 
r ig o r  m uscle.

Freeze state x buffer-pH, freeze state x incubation temperature

A lth o u g h  the freeze state o f the  tissue had no s ig n if ic a n t 
e ffect upon  E R V ,  the  in te ra c tio n s  freeze state X b u ffe r -p H  
and freeze state X in cu b a tio n  te m p e ra tu re  w e re  s ig n if i
can t ( P  <  0 .0 1 ) (T a b le s  10 and 11 ).

F rozen  hom ogenates incuba ted  a t 0, 5 °C  released s ig 
n if ic a n tly  g re a te r q u an titie s  o f e x tra c t th a n  the  s im ila r ly  
trea ted  u n fro ze n  sam ple. A t  30, 4 0 ° C th is  p a tte rn  was 
reversed. T h e re  was no d iffe rence  betw een fro ze n  and 
u n fro ze n  hom ogenates w hen incuba ted  a t 10°C . T h e  m a x i
m u m  a m o un t o f e x tra c t was released a fte r in cu b a tio n  at 
10°C , and decreased at h ig h e r and lo w e r tem pe ra tu res  fo r  
u n fro ze n  hom ogenate. T h e  p a tte rn  d iffe re d  s ig n if ic a n tly  
fo r  fro ze n  samples. T h e  E R V  was at a m a x im u m  at 0 °C  
and g ra d u a lly  decreased to  a m in im u m  a t 40° C.

T h e  means a t each freeze state and b u f fe r -p H  are p re -
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F ig . 2. R e g r e s s io n  of u lt im a te  p H  ( X , )  u pon  p e r c e n t e x tr a c t  
re lea se  v o lu m e  ( Y i )  a t  each  in cu b a tio n  te m p e r a tu r e .

sented in  T a b le  10. These data show  th a t the  freeze t re a t
m en t d id  n o t a ffect the E R V  o f the  hom ogenates bu ffe red  
a t p H  5.6, 6.0, 6.4, 6 .8 ; a t p H  5.2 fre e z in g  caused a ba re ly  
s ig n if ic a n t ( P  <  0 .0 5 ) decrease. T h e  effect o f p H  d iffe re d  
am ong fro ze n  and u n fro zen  samples. U n fro z e n  hom oge
nate, bu ffe red  at the uppe r levels (6 .0 , 6.4, 6 .8 ) ,  released 
sm a lle r qu a n titie s  o f e x tra c t th a n  those bu ffe red  a t the tw o  
lo w e r le v e ls ; b u t w hen the  hom ogenate was frozen  the 
p a tte rn  was a lte red . T h e  values ranged fro m  a m a x im u m  
o f 43 .44%  at p H  5.6 to  a m in im u m  o f 40 .73%  a t p H  6.4.

These da ta  show  no de fin ite  trends , and any d iffe rences 
th a t e x is t are v e ry  sm all. C le a rly , these resu lts  dem on
s tra te  th a t the  m a jo r  p o r tio n  o f the  v a r ia t io n  in  E R V  can
n o t be accounted fo r  by  the in d iv id u a l v a r ia tio n s  in  freeze 
state, r ig o r  state, p H  and in cu b a tio n  tem pe ra tu re , b u t 
ra th e r by  the  in te ra c tio n  o f these fac to rs  ac tin g  concom 
ita n tly .

F u r th e r  in v e s tig a tio n  o f these com bined fac to rs  on the 
b iop hys ica l p ro p e rtie s  o f the  p ro te in s  is needed in  o rd e r 
th a t a m e a n in g fu l in te rp re ta tio n  o f the in fluence  o f these 
fac to rs  on E R V  m ay be a ttem pted.

Specia l a tte n tio n  shou ld  be pa id  to  the  in te rp re ta tio n  
o f these data. T echn iques fo r  d e te rm in in g  the  m o is tu re  
b in d in g  capac ity  o f m uscle, f i l te r  press, c e n trifu g a tio n , d r ip  
loss, coo k in g  loss and E R V  m ay  m easure d iffe re n t p a ra m 
eters ; thus  a d ire c t com parison  o f da ta ob ta ined  by  these 
m ethods shou ld  be done w ith  cau tion .
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S t e p w i s e  D i s c r i m i n a n t  A n a l y s i s  o f  G a s  C h r o m a t o g r a p h i c  D a t a  a s  a n

A i d  i n  C l a s s i f y i n g  t h e  F l a v o r  Q u a l i t y  o f  F o o d s

SUMMARY—Stepwise discriminant analysis for classifying food 
samples (known independently to differ in flavor) is illustrated 
by computer analysis of gas chromatograms from roasted 
coffee and potato chips. Four lots of coffee prepared  so as 
to differ in flavor were scored organoleptically, steam dis
tilled, and the distillate examined gas chromatographically.
By calculating all possible ratios among peak heights and sub
jecting these ratios to discriminant analysis, the coffee could 
be classified into the four flavor categories from the gas chro
matographic data. The discriminant analysis procedure was set 
to select the ratio most critical in differentiating among the 
chromatograms, then move on to the next most efficient ratio 
until the samples were classified. The same thing was done 
for potato chips except headspace volatiles were used for the 
gas chromatographic analysis.

Not only does the procedure described enable flavor to 
be correlated with gas chromatographic data, but the effi
ciency values for each ratio are useful. A compound devoid 
of flavor can conceivably be highly correlated with flavor; 
however, there is a good chance that a compound highly 
correlated with flavor is a flavor substance itself.

INTRODUCTION
T h e  u t i l i z a t i o n  o f  g a s  c h ro m a to g ra p h ic  data has o ften  

n o t k e p t pace w ith  its  acq u is ition . T h is  is p ro b a b ly  m ore 
t ru e  in  f la v o r eva lu a tio n  th a n  elsewhere. V is u a l inspec tion  
o r even s im p le  m a the m a tica l eva lu a tion  o f a gas ch ro m a to 
g ra m  is o ften  fru it le s s  in  a tte m p tin g  to  re la te  o rg an o le p tic  
f la v o r to  chem ica l change. F la v o r  d e te r io ra tio n  fre q u e n tly  
resu lts  f ro m  sub tle  changes in  severa l com ponents ra th e r 
tha n  d ra s tic  changes in  a re la t iv e ly  few  com pounds. M eans 
need to  be developed to  accum ula te  the  effects o f sm all 
changes in  f la v o r com ponents. T h e  o b je c tive  o f th is  s tud y  
was to  le a rn  w h e th e r d is c r im in a n t s ta tis tica l ana lys is  w o u ld  
p e rm it  a c lass ifica tion  o f foods by f la v o r f ro m  gas c h ro 
m a to g ra p h ic  data.

REVIEW OF LITERATURE
N u m e r o u s  in v e s t ig a t o r s  have observed gas ch ro m a to 

g ra ph ic  d ifferences in  the  vo la tile s  o f foods k n o w n  to  d iffe r  
in  q u a lity  o r p rocessing m ethod. T y p ic a l o f such observa
tion s  are com parisons o f b rew ed  coffee and coffee in  the

can, fresh  and im ita t io n  banana, and  good - and p o o r-q u a lity  
bo u rb on  (M a c k a y  et a l., 1961) ; d iffe re n t coffee samples 
(R hodes, 1958) ; tw o  va rie tie s  o f bananas a t fo u r  stages 
o f m a tu r ity  (M c C a r th y  et a l., 1963) ; a lcoho lic  beverages 
o f d iffe re n t types (B o b e r et al,, 1963, 1964) ; tu rk e y  and 
ch icken  p ro d u c ts  (P ip p e n  et a !., 1963) ; th ree  va rie tie s  o f 
oranges (W o lfo rd  et a l ,  1963) ; fresh  and canned corn , 
fresh  and o ff- f la v o r  po ta to  g ranu les , and tw o  va rie tie s  o f 
pear ( B u t te r y  et a l., 1961) ; and age o f d ry -c u re d  ham s 
(O c k e rm a n  et al.. 1964 ).

C o ffm an  et al, (1 9 6 0 ) suggested th a t gas c h ro m a to 
g ra p h ic  p ro file s  cou ld  be used as a s tan da rd  fo r  q u a lity  
c o n tro l purposes. B u tte ry  et a l. (1 9 6 3 ) conc luded th a t 
c h ro m a to g ra p h ic  analysis cou ld  he lp  reso lve  sources o f 
o ff- f la v o r  w here  the com pounds arose f ro m  severa l d if fe r 
en t types o f food  d e te rio ra tio n . Jenn ings  et al. (1 9 6 2 ) had 
concluded likew ise .

M o s t a ttem p ts  to  co rre la te  gas ch ro m a to g ra p h ic  data 
w ith  o rg a n o le p tic  f la v o r have n o t in v o lv e d  use o f the 
e n tire  ch ro m a tog ram s b u t ra th e r  one peak, o r re la tiv e ly  
few  peaks, am ong a ll those detected (B o g g s  et a l., 1964; 
B engtsson  et a l., 1964 ; D o rn s e ife r  et a l., 1963, 1965; 
W e u rm a n , 19 61 ). T h is  is sa tis fa c to ry  i f  a good c o rre la 
t io n  ex is ts  between f la v o r and a fe w  chem ica l com pounds. 
B oggs et al. (1 9 6 4 ) fo u n d  th a t the  hexana l con ten t in  the 
v a p o r above po ta to  g ranu les  was a good in d e x  o f ra n c id ity  
th o u g h  i t  was n o t the  sole cause o f it .  V o rb e c k  et al.
(1 9 6 1 ) observed th a t fo rm a tio n  o f a cheese-like o ff- f la v o r 
in  s a u e rk ra u t was re la ted  to  the fo rm a tio n  o f a b n o rm a lly  
la rge  am ounts o f th ree  fa t ty  acids. O fte n , how ever, c o rre 
la tio n  has been p o o r ( D im ic k  et a l., 1956 ; F ernandez, 
1963 ; and N a tio n a l C anners A ssoc ia tio n , 1966).

R o ha n  (1 9 6 5 ) used the  ra tio s  betw een tw o  peaks to 
assess the  chocolate a rom a p o te n tia l o f un roa s te d  cocoa 
beans. K a y a h a ra  et al. (1 9 6 6 ) used the ra tio s  between 
iso am y l, iso b u ty l, and p ro p y l a lcoho ls to  d iffe re n tia te  
S cotch fro m  Japanese w h iskey . Jenn ings et al. (1 9 6 0 ) 
sm elled each peak as i t  em erged fro m  the  co lum n  and re 
p o rte d  th a t the h ig h e r-m o le c u la r-w e ig h t com ponents w ere  
m ore  im p o rta n t to  f la v o r th a n  the  f ir s t  com pounds to  
em erge.
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G uadagn i et al. (1 9 6 6 ) used a techn ique  s im ila r  to  
th a t o f Jenn ings  et al. (1 9 6 0 ) w ith  an added in no va tion . 
T h e y  de te rm in ed  the th re sh o ld  va lue o f each com pound 
and recom m ended th a t the  peak area be w e igh ted  by  the 
th re sh o ld  va lue  in  d e c id ing  the im p o rtan ce  o f each com 
pound as a fla v o r substance.

S te w a rt (1 9 6 3 ), B u r r  (1 9 6 4 ), W ic k  (1 9 6 5 ) , and P a t
to n  et al. (1 9 6 6 ) have discussed some o f the  p rob lem s o f 
re la tin g  gas c h ro m a to g ra p h ic  data to  o rg an o le p tic  f la v o r 
response.

L a w so n  et al. (1 9 6 3 ) used a F o r ta n  source p ro g ra m  
fo r  analysis o f gas ch ro m a to g ra p h ic  re te n tio n  tim es, and 
F ly n n  et al. (1 9 6 5 ) have suggested procedures fo r  com 
p u te r in te rp re ta tio n  o f gas chrom atog ram s.

EXPERIMENTAL
T h e  d i s c r i m i n a n t - a n a l y s is  p r o c e d u r e  used was a 

stepw ise one p repa red  b y  the H e a lth  Sciences C o m p u tin g  
F a c il ity ,  U n iv e rs ity  o f C a lifo rn ia  at L o s  A nge les  ( B io 
m edica l C o m p u te r P ro g ra m s , 19 64 ). I t  was a lrea dy  on 
hand  in  the  p ro g ra m  bank a t the  U n iv e rs ity  o f G eorg ia  
C o m pu te r C enter. T h e  p ro g ra m  is set to  select the va ria b le  
o f g reatest d is c r im in a to ry  va lue and use i t  fo r  m a k in g  
a c lass ifica tion . T h e  n e x t m ost e ffic ien t v a ria b le  is then 
selected, and the  samples are c lass ified  anew . T h is  system  
is fo llo w e d  u n t i l  a ll the  va riab les  have been used.

In  a r r iv in g  a t c lass ifica tions based on cu m u la tive  d if fe r 
ences, the s tepw ise-ana lys is  p ro ced ure  in  e ffect is also 
ra n k in g  the  variab les fo r  e ffic iency as d is c r im in a to ry  fac 
to rs . T h e  p ro g ra m  is w r i t te n  so th a t the o rd e r o f the  
variab les is selected a cco rd ing  t o : ( 1 )  the  v a ria b le  w ith  
the la rges t F  v a lu e ; and ( 2 )  the va ria b le  w h ic h  w hen 
p a rtia le d  on the  p re v io u s ly  en tered va riab les  has the  h ig h 
est m u ltip le  c o rre la tio n  w ith  the g ro u p s ; and ( 3 )  the 
va ria b le  w h ic h  gives the  grea test decrease in  the  ra t io  
o f w ith in -g ro u p  to  to ta l v a ria tio n .

K e n d a ll (1 9 6 1 ) and  G ou lden (1 9 5 2 ) have described 
the  fu n c tio n  and ca lcu la tio n  o f v a rio u s  types o f d is c r im i
n a n t analyses. J e n n ric h  e t  al. (1 9 6 5 ) have described the 
p a r tic u la r  stepw ise d is c r im in a n t ana lys is  p rocedure  used 
here.

I t  was decided th a t a ll possib le ra tio s  am ong the gas 
ch ro m a to g ra p h ic  peak he igh ts  ( o r  a reas) m ig h t re fle c t 
c u m u la tive  d iffe rences m ore  than  a n y th in g  else. T h e  p ro 
g ra m  was w r it te n  to  hand le  80 variab les . W h e n e ve r the 
n u m be r o f ch ro m a to g ra p h ic  peaks exceeded n ine, the 
nu m be r o f va riab les  ( ra t io s )  was thus beyond the capac ity  
o f the  p ro g ra m . I n  th a t case, the  data w e re  sub -d iv ide d  
and stepw ise ca lcu la tions  w ere  c a rr ie d  o u t on  the  sub
classes ins tead  o f a ll the  data as a u n it.

T h e  d is c r im in a n t analysis p ro ced ure  was f ir s t  app lied  
to  24 ch ro m a tog ram s fo r  coffee. F o u r  batches o f roasted 
coffee w e re  rep lica ted  tw ice  as to  p re p a ra tio n  o f batches 
and  in  tr ip lic a te  as to  analysis. T h e  ch ro m a tog ram s w ere 
fu rn is h e d  by  a com m erc ia l coffee f irm . These c h ro m a to 
g ram s w ere  used because the y  w ere  fa ir ly  com p le x  (5 0 -6 6  
peaks) and the q u a lity  o f the coffee had been eva luated 
o rg a n o le p tic a lly  by experts , also the data w ere  essentia lly  
u n kn o w n s  to  the  au tho rs . I t  was desired to  le a rn  w h e the r 
the  same peaks w o u ld  be p icked  b y  d is c r im in a n t analysis 
as be ing co rre la te d  w ith  f la v o r as had the  coffee com pany

fro m  experience by  v isu a l inspec tion  and s im p le  m a th e 
m a tica l ca lcu la tion .

O ne v a r ie ty  o f coffee was used fo r  B a tch  A . T h e  
roasted coffee made fro m  th is  v a r ie ty  was scored exce lle n t 
in  f la vo r. A n o th e r  v a r ie ty  was used fo r  B a tch  D . T h is  
coffee was acceptable in  f la v o r. B a tc h  B  consis ted o f a 
6 0 /4 0  b lend o f Batches A  and D . B a tch  C consis ted o f a 
4 0 /6 0  b lend o f Batches A  and D . T h e  ch ro m a to g ra m s  
w ere  ob ta ined  by  steam d is t i l l in g  20 g  o f roasted  coffee 
u n t il 40 m l o f d is tilla te  w e re  ob ta ined . A  T r i t o n  X -3 0 5  
co lu m n  w ith  the  tem pe ra tu re  p ro g ra m m e d  fro m  60 to  
2 1 0°C  was used, and 25 ¡A o f d is tilla te  w e re  in jec te d .

S ix  rep lica te  ch ro m atog ram s w e re  fu rn is h e d  fo r  each o f 
the  fo u r  lo ts . A c tu a lly ,  the  s ix  re p lica te  de te rm in a tio n s  
w ere  secured in  tw o  sets o f tr ip lic a te  analyses m ade tw o  
m on ths  apa rt. A lth o u g h  the co rre sp o n d in g  gas c h ro m a to 
g ram s showed the same o v e r-a ll p ro file , the  peak he igh ts  
fo r  the  second set o f th ree  w ere  1 6 -2 3 %  less. Changes 
in  the  co lum n, in s tru m e n t s e n s it iv ity , and o th e r fac to rs  
w e ll k n o w n  to  gas ch ro m a tog raph e rs— th o u g h  n o t a lw ays 
w e ll un de rs tood— pro b a b ly  caused the d isc repancy  between 
the  tw o  sets o f data. W ith o u t  c o rre c tio n  th is  w o u ld  have 
increased e x p e rim e n ta l e r ro r  and m ade d is c r im in a tio n  m ore  
d iff ic u lt .  T o  overcom e th is  p ro b lem , each peak h e ig h t was 
ca lcu la ted  as the percentage o f the  to ta l fo r  a ll peak he igh ts  
on a g ive n  c h ro m a to g ra m ; thus , the second set o f t r ip l i 
cate values, th o u g h  sm a lle r, was p u t on  the  same basis 
as the  f irs t  set. I n  o th e r w o rds , the  sum  o f a ll the  peak 
he igh ts  was used as a re ference to  com pensate fo r  in s tru 
m en t v a r ia b ili ty .

A f te r  de ta ils  o f the stepw ise p rocedure  us in g  the  c h ro 
m a tog ram s fo r  coffee had been w o rk e d  ou t, the  p ro ced ure  
w as recom m ended to  M il le r  (1 9 6 6 ) w h o  had been s tu d y 
in g  o th e r means o f d is c r im in a n t ana lys is  fo r  gas c h ro m a to 
g ra p h ic  p ro file s . O ne  set o f M i l le r ’s da ta w i l l  be used 
to  il lu s tra te  a l im ita t io n  o f stepw ise d is c r im in a n t ana lys is  
w h en  o n ly  re la t iv e ly  s im p le  ch ro m a tog ram s are ava ilab le . 
M il le r  (1 9 6 6 ) aged po ta to  ch ips in  the  d a rk  a t 2 3 °C  and 
exam ined  them  o rg a n o le p tic a lly  and gas ch ro m a to g ra p h i- 
c a lly  a t in te rv a ls  up  to  f ive  weeks.

T h e  o rg a n o le p tic  p rocedure  was the  same as th a t de
scribed  b y  D o rn s e ife r  et al. (1 9 6 5 ) based on the  tw o - 
sam ple d iffe rence  test o u tlin e d  b y  E ll is  (1 9 6 1 ) . M il le r
(1 9 6 6 ) showed th a t chips s to red  a t 2 3 °C  in  the  d a rk  w ere  
ju d g e d  to  be o ff- f la v o r  in  22 days a t the  0.05 leve l o f s ig 
n ificance and in  31 days a t the 0.01 leve l o f s ign ificance . 
T h e  gas c h ro m a to g ra p h ic  co lum ns used w e re  R j- in . copper 
tu b in g , 12 f t  long , packed e ith e r w ith  10%  L A C -4 4 6  
(p o lye th y le n e  g ly c o l ad ipate  p o ly e s te r) o r  w i th  10% 
C a rb o w a x  2 0 - M  on 60 -80 -m esh  C h ro m o so rb  W .  T h e  
headspace sam ple size in je c te d  was 1 m l.

RESULTS AND DISCUSSION
S t e p w i s e  d i s c r i m i n a n t  a n a l y s is  o f the  c h ro m a to 

g ram s fo r  the fo u r  coffee samples revealed th a t o fte n  one 
ra t io  a lone was su ffic ien t to  g ro u p  the  coffee in to  fo u r  
d is tin c t f la v o r categories and ra re ly  w e re  m ore  th a n  fo u r  
ra tio s  re q u ire d . R e p resen ta tive  ch ro m a to g ra m s  fo r  the 
fo u r  lo ts  o f coffee are show n in  F ig . 1. T a b le  1 shows 
the  resu lts  fro m  a sm a ll p o r t io n  o f a s tepw ise ana lys is . 
W h e n  Peaks 1 and 2 w e re  used as de no m ina to rs , o n ly
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Fig. 1 .  Reading downward, the chromatograms represent the 
distillates of Batches A , B , C, and D of the roasted coffee.

fo u r  ra tio s  w ere  needed to  c lass ify  the  coffee c o rre c tly . 
I n  the  to p  p a r t  o f the  tab le , the  f irs t  fo u r  steps are lis ted . 
T h e  ra t io  betw een Peaks 3 2 /2  was m ost e ffec tive  as a 
d is c r im in a tin g  fa c to r.

T h e  U -s ta t is t ic  re flec ts  the  closeness to  w h ic h  the c lassi
fic a tio n  was com in g  to  pe rfe c tion . In  the  cen ter o f the 
tab le, the c lass ifica tion  is g iven  based on the  f ir s t  step, 
o r the  ra t io  betw een Peaks 3 2 /2 . T h e  d iffe rences am ong 
the ra tio s  fo r  the  fo u r  tre a tm e n ts  w e re  in s u ffic ie n t to  
c lass ify  the  batches p ro p e r ly . S tep 1 shows th a t Batches 
A ,  B , and C w e re  p ro p e r ly  c lassified , b u t one sam ple o f 
B a tch  D  was in c o rre c tly  c lass ified as a B a tch  C sample. 
T h o u g h  the  c lass ifica tion  was com ing  closer as ju d g e d  by

Table 1. Results of stepwise discriminant analysis fo r 4 most 
efficient ratios involving Peaks No. 1 and 2 as denominators.

Step Variable
Peaks used to 

form ratio
F value to enter 

or remove U-statistic

l 66 32/2 169.9745 0.0377
2 40 8 /2 8.8025 0.0158
3 37 5/2 6.4799 0.0076
4 41 9 /2 6.4414 0.0036

Predicted batch (6 replicates)

Actual batch A B c D

Step 1

A 6 0 0 0
B 0 6 0 0
C 0 0 6 0
D 0 0 1 5

Step 4

A 6 0 0 0
B 0 6 0 0
C 0 0 6 0
D 0 0 0 6

the  U -s ta t is t ic  w hen Steps 2  and 3 w ere  used as fu r th e r  
d is c r im in a to ry  fac to rs , the cu m u la tive  d iffe rences w ere s t i l l  
in s u ffic ie n t to  change the c lass ifica tion . B y  the  fo u r th  step 
the  cu m u la tive  effects o f d iffe rences am ong trea tm ents  
w ere  su ffic ie n t to  enable the fo u r  batches to  be p ro p e r ly  
c lassified . T h is  is show n a t the  b o tto m  o f the tab le.

T a b le  2 shows o th e r ra tio s  w h ic h  w e re  e ffec tive  d is 
c r im in a to ry  fac to rs . W h e n  Peaks 3 and 5 w ere  the  de no m i
na to rs , tw o  ra tio s  w e re  needed to  e ffect c lass ifica tion . 
P eak 7 d iv id e d  in to  P eak 32 was adequate b y  its e lf. T a b le  
2 shows th a t usu a lly  1 to  2 ra tio s  am ong the 66 in  each 
subset w ere  su ffic ie n t to  y ie ld  co rre c t c lass ifica tion . H o w 
ever, the  ra tio s  in v o lv in g  Peaks 14 and 15, 31.2 and  31.3, 
and 32 as denom ina to rs  w e re  a lm ost w o rth le ss  fo r  c la ss ifi
ca tion  purposes.

T h e  reason re la t iv e ly  fe w  sets o f ra tio s  w e re  needed to  
c lass ify  the batches p ro p e r ly  m ay be seen in  T a b le  3. 
T h is  tab le  shows the  same ra tio  com b ina tions  as T a b le  2 
except here the m ean ra tio s  them selves a re  lis ted . In  
genera l, the  ra t io  increased ( o r  decreased) s tea d ily  w ith  
f la v o r change. T h e  ra t io  betw een Peaks 3 2 /2  became p ro 
g re ss ive ly  la rg e r the  po o re r the q u a lity . T h e  ra t io  between 
Peaks 9 /2  became p ro g re ss ive ly  sm a lle r. T h o u g h  none o f 
the  ra tio s  w h ic h  changed c u rv i lin e a r ly  w ith  tre a tm e n t w ere 
adequate by  them selves to  d iffe re n tia te  am ong the  tre a t
m ents (as m ig h t be e x p e c te d ), th e y  w e re  use fu l. T h e  
ra tio s  o f Peaks 9 /2  w ere  c u rv ilin e a r  w ith  tre a tm e n t; ye t 
th is  ra t io  was the  second m ost e ffic ie n t ra t io  w h en  Peaks 
1 and 2 w e re  denom ina to rs .

T h e  33 peaks w h ic h  w e re  em p loyed to  fo rm  the  ra tio s  
w e re  used to  com pare d is c r im in a n t ana lys is  p re d ic tions  
w ith  the  coffee com p an y ’s experience. T h e re  was fa ir  
agreem ent as to  w h ic h  peaks w e re  m ost use fu l. O r ig in a lly ,  
i t  was in tended  to  analyze the ra tio s  genera ted fro m  33

Table 2. Ratios between coffee gas chromatographic peaks 
which correctly classified batches.

Peaks used as de
nominators versus 

all other peaks Ratios1 between peaks necessary for correct classification

1, 2 32/2, 8/2, 5/2, 9/2
3, 5 32/5, 9/5
6, 7 32/7
8, 9 32/9, 24/9

10,11 19/11, 32/11
12,13 22/13
14,15 8/14, 29/14, 19/15, 6/14, 28/15, 19/15, 28.6/14, 

10/14, 3/15, 21/15, 19/14, 7/15, 31.3/14, 
22/14

16,17 24/16
18,19 32/18
20,21 32/21
22,23 3/22, 22/23
24,26 16/24
27, 28 32/28, 21/28

28.6, 29 19/28.6
30,31 32/31

31.2,31.3 13/31.3, 3/31.3, 29/31.3, 12/31.3, 31.2/31.3, 
22/31.3, 6/31.3, 5/31.3, 19/31.3

32 No ratio properly classified batches

1 The first ratio listed is most efficient in discrim inating value, 
and all ratios thereafter are in order of decreasing efficiency as 
discriminating factors.
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peaks, the n  s tud y  the ra tio s  fro m  the re m a in in g  peaks in  
case the  ra tio s  fro m  the 33 peaks w ere  in s u ffic ie n t to  p e r
m it  d is c r im in a tio n  am ong batches. H a d  ra tio s  been gener
ated fro m  the  re m a in in g  peaks, perhaps o th e r ra tio s  m ig h t 
have been fo u n d  such as 3 2 /7 , 2 2 /1 3 , o r 2 4 /1 6  w h e re  one 
ra t io  a lone was su ffic ie n t to  c lass ify  the  fo o d  fo r  f la vo r.

In  p ractice , the  m ore  use fu l ra tio s  am ong these and the 
22 use fu l ra tio s  lis te d  in  T a b le  3 cou ld  be com bined and 
sub jected to  stepw ise d is c r im in a n t analysis to  ra n k  the 
m ost use fu l ra tio s  in  the o rd e r o f effic iency. T h is  was no t 
done because it  was no t necessary. T h e  cu m u la tive  effect 
f ro m  several ra tio s  was no t needed to  get p ro p e r c la ss ifi
cation.

T o  il lu s tra te  a l im ita t io n  o f stepw ise d is c r im in a n t an a ly 
sis, a c lass ifica tion  app lied  to  M i l le r ’s da ta is show n in 
T a b le  4. T y p ic a l ch ro m a tog ram s are show n in  F ig . 2. 
F ro m  T ab le  4, one m ay see th a t the c lass ifica tion  was p o o r 
a fte r  the  f irs t  step o f ca lcu la tion . T a b le  4  shows th a t 
un de r S tep 1, fo r  exam ple, th ree  o f the rep lica tes w ere  c o r
re c tly  id e n tifie d  as be ing 1 week o ld , b u t th ree  w ere  
in c o rre c tly  classified as be ing 2 weeks o ld . B y  the fo u r th  
ca lcu la tion , S tep 4, the c lass ifica tion  had im p ro v e d  som e
w h a t. B y  the  n in th  step i t  was a lm ost pe rfect, b u t no t 
u n t i l  the 19th ra t io  had been used w ere  the ch ips c o rre c tly  
c lass ified by age fro m  the gas ch ro m a to g ra p h ic  p ro files . 
T a b le  5 shows the mean values by  age fo r  the ra tio s  and 
the o rd e r o f ra tio s  acco rd ing  to  e ffic iency.

O ne th in g  is ev iden t in  com p a rin g  Tab les 3 and 5. W ith  
few  exceptions, the ra tio s  used in  c la ss ify in g  the coffee 
tended to  increase (o r  decrease) p ro g re ss ive ly  as fla v o r 
scores decreased. N e a r ly  a ll the ra tio s  in  T a b le  5 are 
c u rv ilin e a r  w ith  age. T h e  22 ra tio s  lis te d  in  T ab le  3 w ere  
d ra w n  fro m  am ong 1,056 possib le ra t io s ; the  19 ra tio s  
in  T a b le  5 w ere  d ra w n  fro m  am ong 42 possib le ra tio s . T h e  
m ore  peaks the re  are, the  g re a te r is the  p o s s ib ility  o f f in d 
in g  peaks ( ra t io s )  h ig h ly  co rre la te d  w ith  f la v o r change,

Table 3. Mean ratios between various 
of coffee.

peaks for the four batches

Ratio Batch A Batch B Batch C Batch D

32/2 0.522 1.352 1.912 2.552
8/2 0.762 0.677 0.659 0.820
5/2 0.763 0.823 0.942 1.039
9/2 0.828 0.691 0.664 0.520

32/5 0.690 1.673 2.043 2.495
9/5 1.088 0.861 0.719 0.519

32.7 0.318 0.774 0.958 1.273
32/9 0.635 1.966 2.887 4.988
24/9 1.974 2.315 2.464 2.594
19/11 6.994 4.774 3.769 2.494
32/11 0.810 1.541 1.814 1.985
22/13 0.189 0.464 0.687 1.306
24/16 1.463 1.131 0.991 0.733
32/18 0.874 2.409 3.516 6.015
32/21 0.156 0.405 0.572 0.830
3/22 19.753 9.353 7.227 5.487

22/23 0.474 1.169 1.693 3.051
16/24 0.684 0.885 1.010 1.367
32/28 0.708 1.740 2.328 4.324
21/28 4.546 4.289 4.126 4.300
19/28.6 113.053 53.206 33.228 14.780
32/21 0.829 2.003 2.637 3.773

and ra tio s  w h ic h  change p ro g re ss ive ly  in  one d ire c tio n  o r 
the o th e r as q u a lity  changes.

T h e  fac t th a t some o f the ra tio s  w e re  c u rv ilin e a r  is n o t 
s u rp r is in g . P e ro x id e  values increase in it ia l ly ,  then  decrease 
as fa t ra n c id if ic a tio n  progresses. T h e  N a tio n a l C anners 
A ssoc ia tio n  (1 9 6 5 ) re p o rte d  th a t the  c a rb o n y l con ten t o f 
o lives was be low  2 ppm  w hen the  f la v o r w as good  b u t 
rose to  2.5 to  17 ppm  as f la v o r de te rio ra ted . U p o n  fu r th e r  
in ves tig a tio n , i t  was concluded (N a tio n a l C anners Assoc.,
1966) th a t the am oun t o f ca rbony ls  p resen t w as n o t a 
good in d e x  o f o ff- fla v o r. T h e  c a rb o n y l con ten t increased, 
then decreased as d e te r io ra tio n  p ro g re s s e d ; consequently , 
one w o u ld  have to  k n o w  the course o f change as w e ll as 
the am o un t o f carbony ls  p resen t i f  c a rb o n y l con ten t alone 
w ere to  be the ob je c tive  in d e x  o f d e te r io ra tio n . T h e  data 
in  T ab le  5 suggest th a t c u rv ilin e a r  va lues can be used as 
ind ices o f change i f  the re  are enough va lues to  p e rm it  
accu m u la tion  o f d iffe rences acco rd ing  to  tre a tm e n t.

O ne p o s s ib ility  to  im p ro ve  the  degree o f c la ss ifica tio n  
of the po ta to  ch ips m ig h t have been to  in s e rt in te n s ity  
fac to rs  so as to  w e igh  peak areas as recom m ended by 
G uadagn i et al. (1 9 6 6 ). F to w eve r, th is  m ig h t n o t lead to  
be tte r c lass ifica tion . T h e re  is m uch  li te ra tu re  in d ic a tin g  
th a t the in te n s ity  o f od o r cha rac te ris tics  o f a com pound  
is d iffe re n t in  m ix tu re s  tha n  as an in d iv id u a l com pound. 
G uadagn i et al. (1 9 6 3 ) fou nd , fo r  exam ple , th a t sub
th re sh o ld  concen tra tions  o f some com pounds p ro du ced  an 
a d d itiv e  effect. K e n d a ll et al. (1 9 6 4 ) observed th a t the 
nose ju d g e d  the od o r o f com pounds em e rg in g  fro m  the gas

Table 4. Classification of potato chips by age after steps 1, 4, 
9-18, and 19 of stepwise discriminant analysis.

Actual age of 
chips in weeks

Predicted age of chips
One Two Three Four Five

Step 1

1 3 3 0 0 0
2 2 2 2 0 0
3 1 1 4 0 0
4 0 0 1 2 3
5 0 0 0 3 3

Step 4

1 3 3 0 0 0
2 0 6 0 0 0
3 0 0 6 0 0
4 0 0 1 5 0
5 0 0 0 0 6

Steps 9 to 18

1 5 1 0 0 0
2 0 6 0 0 0
3 0 0 6 0 0
4 0 0 0 6 0
5 0 0 0 0 6

Step 19

1 6 0 0 0 0
2 0 6 0 0 0
3 0 0 6 0 0
4 0 0 0 6 0
5 0 0 0 0 6
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c h ro m a to g ra p h  co lu m n  b y  the  traces o f con tam inan ts  as 
w e ll as the  m a in  com pound.

M e ijb o o m  (1 9 6 4 ) fo u n d  a m a sk in g  e ffect occurs in  o d o r 
o r  taste in  c e rta in  ra tio s  o f vo la tile s . B e n n e tt et a l. (1 9 6 5 ) 
like w ise  observed th a t the  presence o f a second com pound 
o ften  affects th re sh o ld  values. L a n g le r  et al. (1 9 6 4 ) re 
p o rte d  th a t ce rta in  ketones e x h ib ite d  a s y n e rg is tic  in te r 
ac tio n  w h e re by  a pe rcep tib le  f la v o r became e v ide n t th o u g h  
the  concen tra tions  o f a ll the  com pounds w e re  be lo w  th e ir  
respective th re sh o ld  values. K e n d a ll et al. (1 9 6 6 ) have 
lis te d  some o f the  types o f in te ra c tio n  the y  fou nd .

E v e n  i f  in te n s ity  fac to rs  w e re  use fu l, the re  is a fu r th e r  
p rob lem . A  g re a t deal o f w o rk  w o u ld  be re q u ire d  to  t ra p  
peaks and  de te rm ine  the  th re s h o ld  va lue  fo r  each com 
pound.

O ne d isadvantage to  the  p a r t ic u la r  d isc rim in a n t-a n a lys is  
p rocedure  used is th a t a ll th e  gas ch ro m a to g ra p h ic  da ta  
was n o t u tiliz e d . O n ly  peaks w h ic h  appeared in  a ll the  
ch ro m a tog ram s o f a ll the tre a tm e n ts  co u ld  be used because 
the  com p u te r p ro g ra m  was designed to  hand le  o n ly  con 
tin u o u s  variab les. I f  a peak appeared o r  d isappeared, i t  
was n o t used. T h is  d id  n o t m a tte r  w ith  the  da ta  fo r  the 
coffee because several o f the  ra tio s  w e re  so d is c r im in a to ry  
in  th e ir  ow n  r ig h t  th a t ex tens ive  accu m u la tio n  o f d if fe r 
ences was n o t necessary.

F o r  the  po ta to  ch ip  data, the  use o f a ll peaks w o u ld  
have been desirable . W ith  the  p a r t ic u la r  P ro g ra m  used, 
the  o n ly  w a y  to  accom plish  th is  w o u ld  have been to  a rb i
t r a r i ly  in s e rt an in f in ite s im a lly  sm a ll va lue  fo r  a peak 
w h en  i t  was la c k in g  in  a g ive n  tre a tm e n t. I n  th is  w a y  a 
ra t io  cou ld  have been generated. A  b e tte r w a y  w o u ld  be 
to  have a co m p u te r p ro g ra m  w r it te n  w h ic h  m akes p ro 
v is io n  fo r  peaks a r is in g  o r d isappearing . S h o r t ly  a fte r  th is  
s tu d y  was conducted, B ry a n  (1 9 6 6 ) p re pa red  a P ro g ra m  
w h ic h  m akes p ro v is io n  fo r  con tinu ou s , ca tegorica l, and 
ra n k  variab les. T h e  P ro g ra m  p ro v id e s  fo r  in c lu d in g  one

Table 5. Mean ratios of gas chromatographic peaks from  potato chips aged in the dark at 23°.

Step
number

Peak
ratios

Age of chips in weeks and mean values 
for ratios (6 replicates)

One
week

Two
weeks

Three
weeks

Four
weeks

Five
weeks

l 7/1 1.665 1.756 2.223 4.026 4.557
2 9/6 1.465 1.379 0.957 1.169 0.996
3 7/2 1.000 1.000 1.000 1.118 0.948
4 9/5 1.499 1.701 1.522 1.576 1.451
5 5/9 0.677 0.590 0.659 0.725 0.692
6 9/7 0.676 0.750 0.429 0.312 0.251
7 6/2 0.495 0.543 0.415 0.272 0.242
8 2/6 2.509 1.884 2.338 3.812 4.195
9 5/2 0.445 0.440 0.282 0.201 0.167

10 9/10 0.731 1.007 0.956 0.968 0.613
11 6/10 0.538 0.730 1.014 0.773 0.621
12 10/2 0.924 0.783 0.505 0.386 0.391
13 1/9 0.970 0.808 1.096 1.314 0.914
14 5/6 0.998 0.813 0.631 0.746 0.693
IS 5/1 0.713 0.766 0.612 0.772 0.798
16 1/10 0.672 0.777 1.019 0.778 0.552
17 1/2 0.616 0.594 0.462 0.298 0.215
18 7/10 1.092 1.356 2.325 3.016 2.441
19 10/5 2.211 1.777 1.826 2.014 2.412

RETENTION TIME -  MINUTES

F ig . 2. The upper chromatogram shozvs a typical profile for 
the headspace volatiles of fresh potato chips. The lower chromato
gram shows a profile for potato chips stored 22 days in darkness 
at 23°C .
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type o f v a ria b le  o r a ll three , bu t, u n fo rtu n a te ly , i t  cannot 
be used fo r  o n ly  tw o  types o f variab les.

A n o th e r  co n s id e ra tio n  w h ic h  needs to  be taken  in to  
accoun t is dua l use o f ra tio s  in v o lv in g  the same peaks. In  
T a b le  5, fo r  exam ple, S tep N o . 4 was the  ra t io  o f Peaks 
9 /5  w hereas S tep N o . 5 was the reverse, Peaks 5 /9 . T h e  
p ro g ra m  shou ld  be set to  d iscard  a ra t io  i f  its  rec ip roca l 
has a lrea dy  been used in  the step p ro g re s s io n ; th is  in  
e ffect is us in g  the  same data tw ice . T h e  same th in g  shows 
up in  Steps 7 and 8, T a b le  5. H o w e v e r, re c ip ro ca l ra tios  
are n o t a lw ays o f n e a rly  eq u iva len t d is c r im in a to ry  value. 
I n  T a b le  2 P eak 32 was o ften  a n u m e ra to r in  d is c r im in a t
in g  ra tio s . I n  fac t, i t  shows u p  n ine tim es as a n u m e ra to r ; 
ye t as a d e no m ina to r the cu m u la tive  e ffect o f the  32 ra tio s  
in v o lv in g  i t  was in su ffic ie n t to  c lass ify  the  fo u r  b lends 
co rre c tly .

M eans o th e r tha n  the one used to  c o rre c t fo r  in s tru 
m en ta l v a r ia t io n  such as encountered w ith  the  coffee data 
m ig h t be used. W h e n  v a r ia b il i ty  between trea tm e n ts  
k n o w n  to  be a like  is encountered, an in te rn a l reference 
(K e p n e r  et al., 1964) m ig h t be used.

Id e a lly , the  gas ch ro m a to g ra p h ic  areas shou ld  be in te 
g ra te d  and fed d ire c t ly  on to  m agne tic  tape. I n  tu rn ,  the 
m agne tic  tape cou ld  be fed to  a h igh -speed com p u te r to 
a v o id  m anua l m an ip u la tio n s  o r  t ra n s fe r r in g  o f data.

F o r  f la v o r stud ies, d is c r im in a n t ana lys is  a t best w i l l  
com p lem ent o rg an o le p tic  eva lua tion , n o t rep lace it .  I t  does 
have the advantage, how ever, th a t m o re  ob je c tive  com 
parisons can be made by  food  com panies h a v in g  p ro d u c 
t io n  p lan ts  a t several lo ca tions than  b y  us ing  sensory pa n 
els in  d iffe re n t locations, because v a r ia b il i ty  am ong panels 
is n o t uncom m on. F o r  m a x im u m  advantage, the  p ro g ra m  
shou ld  be w r it te n  to  hand le  d iscon tinuo us  as w e ll as con 
tinu ou s  variab les.

S tepw ise  d is c r im in a n t analysis cou ld  also be p u t to  good 
use in  id e n tific a tio n  studies. Because the stepw ise p ro 
g ression ranks  the  v a rio u s  ra tio s  acco rd ing  to  th e ir  c o rre 
la tio n  w ith  f la v o r, the ra n k in g s — am ong o th e r c r ite r ia —  
m ig h t be used to  decide w h ic h  com pounds shou ld  be 
id e n tifie d  f irs t  w h en  id e n tity  is n o t kn o w n . Som etim es 
com pounds h ig h ly  co rre la te d  w ith  f la v o r w i l l  n o t be fla v o r 
substances. M o re  com m o n ly  they  w ill.

O f  the  103 com pounds lis te d  by  G ia n tu rc o  (1 9 6 7 ) as 
be ing  com ponents o f coffee arom a, fo r  exam ple , o n ly  a 
few  w o u ld  be considered to  be o f lo w  o d o r in te n s ity . T h e  
33 peaks used in  the tr ia ls  here w e re  scattered th ro u g h o u t 
the  c h ro m a to g ra m  so th a t they  represented sm a ll peaks, 
la rge  peaks, lo w -b o ile rs , and h ig h -b o ile rs . Som e o f the 
peaks in  ra tio s  h ig h ly  co rre la te d  w ith  f la v o r w e re  sm all 
peaks. D is c r im in a n t analysis, am ong o th e r m eans, w o u ld  
a le r t one to  the  fa c t th a t these peaks shou ld  be am ong the 
f ir s t  to  be stud ied .
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SUMMARY—The flavor threshold concentrations were deter
mined for 23 compounds composing an artificial peach bever
age base. The threshold levels ranged from 52 ppm to 0.4 
ppb. The threshold values were used in sub-threshold, addi
tive sub-threshold, and concentration trials. Sub-threshold and 
additive sub-threshold effects resulted from only a few of the 
flavor combinations tried. Change in concentration of one 
compound in a mixture of six compounds was not readily 
detectable organoleptically. The difference in concentration 
could be detected gas chromatographically, but only if the 
mixtures were extracted with pentane and concentrated.

By dividing the respective threshold values into the amount 
of each compound present in the beverage, a factor was 
calculated, called the "unit flavor base," which indicated the 
relative importance of each compound as a flavor substance 
in the peach beverage. By dividing the gas chromatographic 
peak heights by the respective threshold values, gas chro
matographic response was weighted for flavor importance. 
W hen the unit flavor base and weighted gas chromatographic 
response were converted into logarithms, the relation between 
the values was nearly linear. The correlation coefficient was
0.8691 (significant @ 0.01).

INTRODUCTION
P owers et  a l . (1 9 6 8 ) described a d is c r im in a n t analysis 

p ro ced ure  to  re la te  gas ch ro m a to g ra p h ic  p a tte rn s  to  the  
f la v o r o f a food. W h ile  the  m e thod  described w o rk e d  w e ll 
fo r  coffee samples, the re  are some th e o re tica l d isadvan
tages w h ic h  need to  be exam ined . T h e  gas ch ro m a to g ra p h  
senses com pounds by  separa ting  them . H u m a n  beings 
eva luate fla v o r by  subconsciously  in te g ra tin g  th e ir  sense 
response to  the  d iffe re n t substances present.

I n  a d d itio n , the  nose as a sensing device u s u a lly  is m ore  
sens itive  to  f la v o r substances th a n  m echan ica l de tectors. 
F u rth e rm o re , the re  m ay be o rg a n o le p tic  in te ra c tio n s  
am ong c o m p o u n d s ; the  presense o f one com pound  m ay 
depress ( o r  h e ig h te n ) s e n s it iv ity  to  an o the r com pound. 
T h e  purpose o f th is  s tu d y  was to  de te rm in e  f la v o r th re s h 
o ld  values and to  exam ine  com b ina tions  o f fla vo rs  fo r  
o rg a n o le p tic  in te rac tio ns .

REVIEW OF THE LITERATURE
A m e rin e  et al, (1 9 6 5 ) c ite  severa l stud ies dea ling  w ith  

th re sh o ld  levels and in te ra c tio n s  am ong taste  substances,
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a lesser n u m b e r o f re p o rts  on o d o r stud ies, and com para 
t iv e ly  fe w  on th re sh o ld  and in te ra c tio n  tr ia ls  fo r  aqueous 
so lu tio n s  o f v o la t ile  substances. T y p ic a l o f those on taste 
com pounds are the  s tud y  o f F ab ian  et al. (1 9 4 3 ) w h o  ob
served co m p e titive  and com pensa to ry  ac tion  and those o f 
P a n g b o rn  (1960 , 1962) w h o  rep o rted  in te ra c tio n s  am ong 
com pounds a t sub -th resho ld , th resh o ld , and sup ra- 
th re sh o ld  levels.

O rg a n o le p tic  in te ra c tio n s  am ong substances are n o t con
fined  to  taste substances. S jo s tro m  et a l. (1 9 5 7 ) , B a r t le y
(1 9 5 8 ) , and K e n d a ll et al. (1 9 6 6 ) described in te ra c tio n s  
am ong o d o r substances. M e ijb o o m  (1 9 6 4 ) observed th a t 
v o la tile s  in  c e rta in  ra tio s  m ay m ask the  o d o r o f o th e r 
com pounds. M o n c r ie ff  (1 9 5 1 ) cites severa l exam ples of 
“ m a sk in g ”  by  o d o r substances.

B e rg  et al. (1 9 5 5 a ) showed th a t the re  w e re  o rg an o le p tic  
in te ra c tio n s  between n o n -v o la tile  and v o la t ile  substances. 
H in re in e r  et al. ( 1955a,b) observed th a t th re sh o ld  levels 
w ere  affected by  the  presence o f o th e r com pounds w h e the r 
v o la t ile  o r  n o n -v o la tile  and th a t th re sh o ld  levels va rie d  
acco rd ing  to  the so lven t (w in e  o r w a te r ) .

These o rg a n o le p tic  in te ra c tio n s  am ong v o la t ile  and n o n 
v o la t ile  substances have p ra c tica l ap p lica tio n . S in g le to n  
e t  al. (1 9 6 2 ) fou nd , fo r  exam ple , th a t b lended w ines w ere  
m ore  o rg a n o le p tic a lly  acceptable the  m ore  com p le x  the 
b lend. B e rg  et al. (1 9 5 5 b ) m easured th re sh o ld  values o f 
some v o la t ile  com pounds in  aqueous so lu tio n . A s  between 
v o la t ile  com pounds, B e n n e tt et al. (1 9 6 5 ) show ed th a t the 
presence o f o th e r vo la tile s  in  fe rm en ted  d a iry  p ro d u c ts  
a ffected pe rcep tion  o f d iace ty l.

L i l la r d  et a l. (1 9 6 1 ) fo u n d  th a t ca rbony ls  w ere  a d d itive  
in  th e ir  e ffect a t m a rg in a l o r  sub -th resh o ld  levels. D a y  
et al. (1 9 6 3 ) and G uadagn i et al. (1 9 6 3 ) re p o rte d  th a t 
m ix tu re s  o f ca rbony ls  a t sub th resh o ld  leve ls w e re  ad d itive . 
G uadagn i et al. (1 9 6 3 ) fo u n d  th a t the  same th in g  was tru e  
fo r  a m ix tu re  c o n ta in in g  an a lcohol, an acid, a su lph ide , 
an a ldehyde and an am ine. L a n g e r et al. (1 9 6 4 ) rep o rted  
th a t ce rta in  ketones e x h ib ite d  s yn e rg is tic  in te ra c tio n  
w h e re by  a pe rcep tib le  f la v o r became ev ide n t th o u g h  the 
con cen tra tion  o f each com pound was be low  its  respective  
th re s h o ld  level.

L o c k h a r t et al. (1 9 5 0 ) fou nd , on the  o th e r hand, th a t 
s u b lim in a l am oun ts  o f m onosod ium  g lu tam a te  had no 
e ffect on  the  taste o f s u p ra lim in a l am oun ts  o f sucrose o r 
sod ium  ch lo rid e . K e n d a ll et al. (1964 , 1966) observed 
th a t the  nose ju d g e d  the od o r o f com pounds em e rg in g  
f ro m  a gas ch ro m a to g ra p h  by  th e ir  trace  com ponents as 
w e ll as the  m a jo r  com ponent and observed th a t the  nose 
is u su a lly  m o re  sens itive  th a n  gas c h ro m a to g ra p h ic  de
tecto rs . G uadagn i et al. (1 9 6 6 ) proposed th a t peak areas 
o f gas ch ro m a tog ram s be w e igh ted  by  the  th re s h o ld  va lue 
in  d e c id ing  upon  the im p o rtan ce  o f each com pound as a 
f la v o r com ponent in  foods.

METHODS
Materials

T h e  f la v o r com pounds used w e re  fu rn is h e d  b y  In te r 
n a tio n a l F la v o rs  and F ragrances. T h e y  w e re  selected to  
com pose an a r t if ic ia l peach base. T e p y l acetate (1 -3  
no naned io l acetate m ix e d  e s te rs ), p a ra - to ly l a ldehyde, and 
aceta ldehyde w e re  also com ponents o f the  peach base, b u t

these com pounds w e re  n o t used in  the  s tu d y  because the  
f ir s t  tw o  con ta ined  m ore  than  one com ponen t and the  acet
a ldehyde was d isso lved in  a lcohol.

T w e n ty  f t  ]/a, "  stain less steel co lum ns w ith  10%  T r i to n  
X -3 0 5  coated on to  6 0 -8 0  mesh D ia to p o r t  S w e re  used in  
a d u a l-co lu m n  gas ch ro m a to g ra p h  w ith  flam e de tectors. 
T h e  tem p e ra tu re  was p ro g ra m m e d  fro m  6 5 -2 0 0 °  a t 2 ° /  
m in , then  he ld  at 200°.

Taste panel
T h e  taste panel in it ia l ly  consisted o f 28 in d iv id u a ls  w h o  

w ere  e ith e r s tudents  o r s ta ff m em bers. T h e  pane l was 
d iv id e d  abou t even ly  as to  sex, and the  pane lis ts  ranged 
in  age fro m  a p p ro x im a te ly  18 to  55 years o f age. T h e  
nu m ber o f tasters decreased d u r in g  the  s tu d y  f ro m  28 to  
22 pane lis ts  because some o f the  m em bers g radua ted . 
P ane lis ts  w e re  selected fo r  th e ir  consistency, b u t n o t p a r
t ic u la r ly  fo r  acu ity , since levels detectable by  the  average 
person w e re  sought.

A  tr ia n g u la r  tes t was used fo r  a ll taste  panels. T h e  
o rd e r o f p re sen ta tion  o f samples was v a rie d  so th a t the 
pane l m em bers w ere  n o t ta s tin g  the  d is ti lle d  w a te r and 
tes t s o lu tio n  in  the same o rd e r. W h e th e r  the re  w e re  tw o  
glasses o f d is tille d  w a te r and one o f tes t s o lu tio n  w e re  also 
reversed a t random . A l l  resu lts  w e re  d e te rm in ed  a t the 
0.05 leve l o f s ign ificance .

Threshold trials

I n  the  th re s h o ld  t r ia ls  each o f the  23 com pounds was 
f ir s t  presen ted to  the  panel a t the co n ce n tra tio n  i t  w o u ld  be 
presen t in  an a r t if ic ia l peach beverage. I f  the  com pound 
was detectable at th is  leve l, i t  was tested a t 90, 80, 70, 60, 
50, 40, 30, 20, 1, 0.1, 0.01, and  0 .001%  o f beverage 
s tre n g th  u n t i l  a leve l was reached w h e re  the  com pound 
was no lo n g e r detectable.

T h e  le ve l ca lled  the  th re sh o ld  was th a t percentage o f the 
beverage con cen tra tion  w h e re  a s ig n if ic a n t n u m b e r o f 
tasters cou ld  detect the  com pound whereas the  n e x t low est 
leve l o f the  com pound was non-detectab le . I f  the  com 
pound  cou ld  n o t be detected a t 100%  o f its  beverage 
s treng th , then  the  con cen tra tion  was increased a t 10%  
in te rv a ls  u n t i l  a s ig n if ic a n t nu m be r o f pane lis ts  cou ld  de
tect the  com pound.

Sub-threshold effects

S ix  com pounds w e re  used to  tes t fo r  sub -th resh o ld  
effects. T o  be sure th a t th re sh o ld  effects w e re  n o t a c tu a lly  
be ing  m easured, a con cen tra tion  tw o  leve ls  be lo w  the 
th re s h o ld  was used. F o r  exam ple, the  th re s h o ld  o f benz- 
a ldehyde was 30%  o f th a t fo u n d  in  the  peach beverage ; 
the re fo re , w h en  tes tin g  fo r  sub -th resh o ld  effects benz- 
a ldehyde was used a t 10% o f beverage con cen tra tion .

T h e  com pound tested was used w ith  tw o  o r  m ore  com 
pounds a t th e ir  th re sh o ld  levels. I n  one ( o r  tw o )  o f the  
th ree  ta s tin g  glasses, a ll th ree  com pounds w e re  p re s e n t; 
in  the  o th e r glass (e s ) o n ly  the  tw o  com pounds a t th e ir  
th re sh o ld  leve ls w e re  presen t. F ro m  tw o  to  f iv e  com 
pounds a t th e ir  th re sh o ld  levels w e re  used in  c o n ju n c tio n  
w ith  the  com pound a t the  sub -th resh o ld  leve l (T a b le  1 ).

Additive sub-threshold effects

T o  de te rm in e  i f  sub -th resh o ld  a d d itiv e  effects co u ld  be 
detected, f ir s t  tw o  com pounds w ere  added to  d is t i lle d  w a te r
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Table 1. Combinations used to test for sub-threshold effects.

Substance at 
sub-threshold level Substances at their respective threshold levels

Isovaleric aldehyde 
(33% of threshold level)

Benzaldehyde 
2-m ethyl butyric acid

Benzaldehyde
gamma-undecalactone

E thyl cinnamate 
E thyl acetoacetate

gamma-undecalactone 
Ethyl cinnamate

2-methyl butyric acid 
Ethyl cinnamate 
gamma-undecalactone

Ethyl acetoacetate 
E thyl cinnamate 
gamma-undecalactone 
Benzaldehyde

Ethyl acetoacetate 
Ethyl cinnamate 
gamma-undecalactone 
Benzaldehyde 
2-methyl butyric acid

2-methyl butyric acid 
(92% of threshold level)

Benzaldehyde 
Isovaleric aldehyde

E thyl acetoacetate 
(92% of threshold level)

Isovaleric aldehyde 
Benzaldehyde

Benzaldehyde
gamma-undecalactone

Ethyl cinnamate 
gamma-undecalactone

2-methyl butyric acid 
Isovaleric aldehyde

Isovaleric aldehyde 
gamma-undecalactone

2-methyl butyric acid 
gamma-undecalactone

Benzaldehyde
(33% of threshold level)

gamma-undecalactone 
Ethyl cinnamate

2-methyl butyric acid 
Isovaleric aldehyde

Gamma-undecalactone 
(1% of threshold level)

Benzaldehyde 
Isovaleric aldehyde

E thyl cinnamate 
(1% of threshold level)

Ethyl acetoacetate 
gamma-undecalactone

Benzaldehyde 
Isovaleric aldehyde

be low  th e ir  th re s h o ld  leve l, then  th ree  com pounds, then  
fo u r, etc., u n t i l  a to ta l o f e ig h t com pounds w e re  used. 
A g a in , the  leve l o f com pound used was set tw o  increm en ts  
be low  the leve l de te rm in ed  to  be the  th resh o ld . T h is  re 
su lted  in  com pounds be ing  tested a t d iffe re n t percentages 
o f th e ir  respective  th re s h o ld  leve ls (T a b le  2 ) .  T r ia ls  w ere  
also m ade in  w h ic h  the  sub -th resh o ld  con cen tra tion  was 
set a t a cons tan t percentage o f the  th resh o ld . T h e  sub
th re sh o ld  leve l p icked  w as 80%  o f the  respective  th re sh o ld  
con cen tra tion  o f each com pound.

Concentration effects

T r ia ls  w e re  m ade to  de te rm in e  i f  the  pane l co u ld  detect 
a change in  co n ce n tra tio n  o f one com pound in  a m ix tu re . 
T h e  com pound, the  co n ce n tra tio n  o f w h ic h  was be ing  
va ried , w as added a t 1% and 100%  o f its  s tre n g th  in  the

Table 2. Compounds and amount of compounds used in sub
threshold and additive threshold trials.

Compound
Threshold

(ppm)
Sub-threshold amt % Sub-threshold 

(ppm) was of threshold

E thyl acetoacetate 0.S2 0.48 92
Ethyl cinnamate 0.016 0.00016 1
Benzaldehyde 1.53 0.51 33
2-methyl butyric acid 1.58 1.45 92
Gamma-undecalactone 0.15 0.0015 1
Isovaleric aldehyde 0.165 0.055 33
Vanillin  1 0.68 0.0068 1
Am yl butyrate 1 1.3 0.068 5.2

'W e re  used only in the additive sub-threshold trials.

fin ished  beverage w ith  five  o th e r com pounds w h ic h  w ere  
a t th e ir  beverage leve l. A  second series o f t r ia ls  was also 
conducted  w ith  the  fiv e  com pounds a t th e ir  respective 
th re s h o ld  levels and the s ix th  com pound aga in  be ing  at 
1% and 100%  o f its  beverage level.

Gas chromatographic analysis

F o u r  ga l o f each o f the  so lu tio ns  p re v io u s ly  described 
u n d e r con cen tra tion  effects w e re  e x tra c te d  w ith  500 m l o f 
pentane fo u r  tim es. T h e  pentane was concen tra ted  in  a 
R o ta -e va p o ra to r to  a f in a l vo lu m e  o f 20 m l. F i f t y  m l o f 
the  concen tra ted  so lu tio n  w e re  used fo r  gas ch ro m a to 
g ra p h ic  analysis.

A n o th e r  gas ch ro m a to g ra p h ic  phase in v o lv e d  the  in je c 
t io n  o f 1 m l o f each o f the  23 com pounds used in  the 
o rg a n o le p tic  phases. T h e  peak h e ig h t o f each com pound 
was m easured and used to  ca lcu la te  a fa c to r w h ic h  re la ted  
o rg a n o le p tic  and gas c h ro m a to g ra p h ic  analysis. T h is  fac
to r, ca lled  “ w e igh ted  peak h e ig h t,”  was ob ta ined  b y  d iv id 
in g  the  peak he ig h t by  the  th resh o ld .

RESULTS AND DISCUSSION
T h e  f l a v o r  t h r e s h o l d  l e v e l s  o f the  23 com pounds 

exam ined  v a r ie d  f ro m  52 ppm  fo r  e th y l a lcoho l to  0 .4  ppb 
fo r  ionone  a lpha  w h ite  (T a b le  3 ) .  T h e  th re s h o ld  values 
w e re  then  used to  ca lcu la te  the  re la tiv e  im p o rtan ce  o f the  
d iffe re n t com pounds in  the  peach base. T h e  lo w e r the 
th re sh o ld  value, the  m ore  in tense is the  f la v o r ; ac
c o rd in g ly  b y  d iv id in g  the  th re s h o ld  va lue  in to  the
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Table 3. Threshold levels, unit flavor base, and weighted peak heights.

Compound
Threshold - 

ppm
Amt in finished beverage Unit flavor basis 

- (ppm in beverage/ 
threshold ppm)

Retention
time

(min)
Peak
height

(cm)

Weighted
peak

height
(peak height/ 

ppm threshold)g/gal ppm

Ethyl alcohol 53.0
Maltol 7.1 0.0027 0.71 0.1 80.4 13.7 1.9
Benzyl alcohol 5.5 0.0104 2.75 0.5 50.6 12.7 2.3
Am yl valerate 4.7 0.0357 9.43 2.01 24.2 14.5 3.1
Ethyl acetate 3.0 0.0372 9.83 3.28 6.0 16.8 5.6
2-methyl butyric acid 1.6 0.0024 0.63 0.31 40.0 11.2 7.0
Benzaldehyde 1.5 0.0194 5.10 3.46 35.0 17.0 1.1
Am yl butyrate 1.3 0.0256 6.76 5.20 22.4 15.0 13.0
Delta dodecalactone 1.0 0.0015 0.40 0.40 90.0 7.0 7.0
Ethyl caprylate 0.72 0.0137 3.62 5.03 36.4 15.0 18.0
Vanillin 0.68 0.0256 6.76 9.94 86.0 4.5 1 12.2
E thyl acetoacetate 0.52 0.0009 0.24 0.05 31.2 9.7 18.0
E thyl butyrate 0.45 0.0086 2.27 5.04 15.2 16.0 33.0
Gamma octalactone 0.40 0.0029 0.77 1.93 59.4 10.3 26.0
Ethyl heptylate 0.17 0.0063 1.66 9.76 26.0 12.6 80.0
Isovaleric aldehyde 0.17 0.0021 0.55 3.24 7.2 14.0 82.0
Gamma undecalactone 0.15 0.0551 14.56 97.07 97.4 13.0 86.0
E thyl valerate 0.094 0.0357 9.43 100.32 16.2 16.5 170.0
Gamma decalactone 0.09 0.0036 0.95 10.56 73.6 9.4 100.0
E thyl cinnamate 0.016 0.0006 0.16 10.00 66.0 12.5 781.2
Heliotropine 0.0039 0.0015 0.40 102.56 78.4 3.81 1,830.0 1
M ethyl ionine extra 0.0024 0.0009 0.24 100.00 60.0 9.0 3,700.0
Ionone alpha white 0.0004 0.0015 0.40 1,000.00 58.2 14.5 36,000.0

1 These compounds were chromatogramed as saturated alcoholic solutions ; in calculating the weighted peak 
heights, the solubility of the compounds in the alcoholic solutions was taken into account.

am o un t p resen t in  the  fin ished  beverage an estim ate  
is fu rn is h e d  as to  re la tiv e  im p o rtan ce  o f each com pound. 
T h e  q u o tie n t was designated as the  “ u n it  f la v o r base.”  
T h e  la rg e r the  u n it  f la v o r base va lue, the  m ore  th is  com 
ponent c o n trib u te d  to  the  fla v o r o f the  peach beverage. 
T h e  u n it  f la v o r base values are lis te d  in  T a b le  3.

S ince com pounds detectable by  gas c h ro m a to g ra p h y  m ay 
be v o la t ile  b u t n o t f la v o r fu l substances, gas ch ro m a to 
g ra p h ic  response needs to  be re la ted  to  f la v o r in te n s ity . 
O ne techn ique  fo r  re la t in g  these tw o  fac to rs  is “ w e igh ted  
peak h e ig h t”  ( o r  peak a re a ). T h is  is ob ta ined  by  d iv id in g  
the  peak h e ig h t o f a g iven  com pound by  the  th re sh o ld  of 
th a t com pound.

T h e  p rocedure  was suggested by  G uadagn i et al. (1 9 6 6 ) 
w h o  recom m ended th a t the  peak areas be w e ig h te d  by  the 
th re s h o ld  va lue  in  dec id ing  upon  the  im p o rtan ce  o f each 
com pound  as a f la v o r substance. P eak h e ig h t was used 
because the  e a rly  peaks w ere  need le -like  and h e ig h t cou ld  
be m easured be tte r tha n  area. T h e  peaks w ith  the  longest 
re te n tio n  tim es w ere  f la tte r  tha n  the  e a rly  peaks, thus  fo r  
these peaks, peak h e ig h t was n o t s t r ic t ly  re la ted  to  con
c e n tra tio n .

W h e n  the w e ig h te d  peak he igh ts  and the  u n it  f la v o r 
base values w ere  tra n s fo rm e d  to  lo g a rith m s , the  re la tio n  
between the  tw o  sets o f values approached a s tra ig h t line  
(F ig .  1 ) . A  h ig h ly  s ig n if ic a n t c o rre la tio n  coe ffic ien t o f 
0.8691 was ob ta ined . T h e  u n it  f la v o r base and the 
w e igh ted  peak he igh ts  values are show n in  T a b le  3.

A c tu a lly ,  the c o rre la tio n  coe ffic ien t be tw een am ounts o f 
com pounds in  the  beverage and gas c h ro m a to g ra p h ic  re 
sponses w o u ld  like w ise  be co rre la te d , fo r  d iv id in g  b y  the 
th re sh o ld  values m e re ly  in tro d u c e d  a cons tan t fac to r.

H o w e v e r, d iv id in g  by  the  respective  th re s h o ld  va lues 
w e igh ts  each va lue  acco rd ing  to  its  f la v o r po tency.

P ossib le  sub -th resh o ld  effects o f iso va le ric  a ldehyde , 2- 
m e th y l b u ty r ic  acid, benzaldehyde, e th y l acetoacetate, e th y l 
c innam ate , and  gam m a undecalactone w ere  s tud ied . T h e  
com b ina tions  used and the sub -th resh o ld  leve ls expressed 
as a percentage o f the th re s h o ld  co n ce n tra tio n  are lis te d  
in  T a b le  1. T a b le  2 shows the th re sh o ld  leve ls fo r  these 
com pounds as w e ll as the pe rcen t the  sub -th resh o ld  am o un t 
was o f the  th resho ld .

Is o v a le r ic  a ldehyde e x h ib ite d  a sub -th resh o ld  e ffect w ith  
benza ldehyde and 2 -m e th y l b u ty r ic  ac id  w h e n  iso va le ric  
a ldehyde was a t 33%  o f its  th re sh o ld  s treng th . O u t o f 19 
com b ina tions  th is  was the  o n ly  c o m b in a tio n  w h ic h  showed 
a s ta t is t ic a lly  s ig n if ic a n t sub -th resh o ld  effect.

T o  tes t fo r  sub -th resh o ld  a d d itiv e  effects, e th y l aceto
acetate and  e th y l c innam ate  a t 92%  and  1%  o f th e ir  re 
spective th re sh o ld  concen tra tions  w e re  d isso lved  in  w a te r 
and placed in  a t r ia n g u la r  tes t aga inst d is t i lle d  w a te r. T h e  
pane l cou ld  n o t detect a d iffe rence . B enza ldehyde  w as then  
added a t 33%  o f its  th re sh o ld  leve l. T h e  m ix tu re  o f th ree  
com pounds cou ld  n o t be d is tin g u ish e d  f ro m  d is ti lle d  w a te r. 
T h is  p ro ced ure  was c a rr ie d  on u n t i l  the  m ix tu re  con ta ined  
the  e ig h t com pounds lis te d  in  T a b le  2. T h e  o rd e r w h ic h  
was fo llo w e d  in  a d d in g  com pounds is the  same as th a t 
lis te d  in  T a b le  2.

U p o n  in c o rp o ra tio n  o f the e ig h th  com p ou nd  (a m y l 
b u ty ra te ) ,  the  panel was s t i l l  unab le to  select th e  che m i
cal m ix tu re  fro m  d is ti lle d  w a te r. U p  to  th is  p o in t  one 
m ig h t conclude th a t sub -th resh o ld  a d d itive s  effects a re  n o t 
com m on.

A  second series was then  set up  to  in v e s tig a te  sub-
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Fig. 1 .  Scatter diagram showing relation between log of flavor 
concentration/threshold value and log of gas chromatographic peak 
height/threshold value.

th resh o ld  a d d itiv e  effects in  an o the r w ay. E ach  o f the 
e ig h t com pounds was in c o rp o ra te d  in  m ix u re s  a t 80%  o f 
its  respective th re s h o ld  con cen tra tion . F o r  th is  series, 
tr ia ls  w ere  s ta rted  w ith  the  e ig h t com pounds in  the  m ix 
tu re  and, m o v in g  in  reverse o rd e r, one com pound a t a 
tim e  was d ropped  f ro m  the m ix tu re . T h e  pane l cou ld  
re a d ily  d is tin g u is h  the  m ix tu re s  f ro m  d is ti lle d  w a te r w hen 
the re  w e re  th ree  o r m ore  com pounds in  the  m ix tu re .

T h e  f irs t  set o f t r ia ls  is perhaps m ore  im p o rta n t than  
the  second. In  the  f ir s t  set, the  range o f concen tra tions  is 
p ro b a b ly  m o re  ty p ic a l o f n a tu ra l and fo rm u la te d  foods 
than  the  second. I t  w o u ld  be ra re  to  f in d  a ll com pounds 
a t the same sub -th resh o ld  leve l. T h e re  is also the poss i
b i l i t y  th a t the  pane l m em bers w e re  se lecting  the  tes t so lu 
t io n  in  the  second m e tho d  on the  basis o f s e n s it iv ity  to  
one com pound ra th e r tha n  the  a d d itiv e  effect o f e igh t 
com pounds.

A s  exp la ine d  in  the E x p e r im e n ta l section, the  test so lu 
tion s  w e re  va rie d  by  in c rem en ts  o f 10 to  estab lish  the 
th re s h o ld  con cen tra tion . T h e  th re s h o ld  leve l fo r  each com 
pound  was selected as the  p o in t w h e re  the  nu m be r o f 
ju dg es  capable o f se lecting  the  c o rre c t sam ple ba re ly  e x 
ceeded the  5%  le ve l o f p ro b a b ility .

G uadagn i et al. (1 9 6 3 ) set each o f th e ir  sub -th resh o ld  
concen tra tions  so th a t the  to ta l fo r  a ll the  substances ap
p ro x im a te d  the “ th e o re tic a l”  th resh o ld . I n  o u r tr ia ls  at 
the  80%  sub -th resh o ld  levels, the  “ th e o re tic a l”  th re sh o ld  
a m o un t was execeeded once tw o  com pounds w e re  com 
b ined. N a w a r et al. (1 9 6 2 ) used the m in im u m  con cen tra 
t io n  any m em ber o f th e ir  pane l cou ld  detect, then  set the  
concen tra tion  o f each substance be low  the m in im u m  (th e  
exact am oun t is n o t spec ified ) ; thus, the  to ta l fo r  the  p ro 

p o rtio n a te  p a rt each com pound co n trib u te d  m ig h t have 
exceeded the 100%  the o re tica l th resh o ld .

A  fu r th e r  fa c to r re la tiv e  to  a d d itiv e  sub -th resh o ld  effects 
is th a t N a w a r et al. (1 9 6 2 ) w e re  c o m b in in g  ketones as 
d id  L a n g e r et al. (1 9 6 4 ). O u r  resu lts  are m o re  com para
ble to  those o f G ua dag n i et a l. (1 9 6 3 ) because w e used 
substances fro m  m ore  tha n  one class o f com pounds. I n  the 
f irs t  set o f tr ia ls , the  th e o re tica l th re sh o ld  con cen tra tion  
exceeded 100%  a fte r the  th ir d  com pound was a d d e d ; ye t 
w e fo u n d  no a d d itiv e  sub -th resh o ld  effect. I n  th a t respect 
o u r resu lts  d iffe r  fro m  G uadagn i et al. (1 9 6 3 ).

O ne p ro b lem  in  es tab lish ing  w h e th e r sub -th resh o ld  a d d i
t iv e  effects t r u ly  e x is t is the  v a r ia b il i ty  am ong judges  in  
th e ir  s e n s it iv ity  to  d iffe re n t com pounds. B lakeslee et al. 
(1 9 3 5 ) fou nd , fo r  exam ple , th a t the  th resh o lds  o f 47  in d i
v id u a ls  fo r  v a n il l in  (one  o f the  com pounds w e used) 
ranged fro m  1.56 to  6,400 ppm . P a n g b o rn  (1 9 6 2 ) po in te d  
o u t th a t even am ong h ig h ly - tra in e d  sub jects  the re  was a 
la rg e  am o un t o f v a r ia t io n  in  sco rin g  ( th o u g h  in d iv id u a l 
re p ro d u c ib ility  was g o o d ) in  te s tin g  fo r  taste in te ra c tio n  
o f sup ra th re sho ld  so lu tio ns  o f sucrose and N a C l.

A d d it iv e  sub -th resh o ld  effects w o u ld  seem to  be log ica l, 
b u t p ro o f is a v e ry  d if f ic u lt  m a tte r. T h e  m ore  com pounds 
one adds to  the  s o lu tio n  and the m ore  ju dg es  the re  are, 
the g re a te r the p o s s ib ility  becomes th a t the  tes t so lu tio n  
is be ing  selected because one ju d g e  is especia lly  sensitive  
to  one com pound and a second ju d g e  to  the  same o r a 
d iffe re n t com pound. L i l la r d  et a l. (1 9 6 1 ) re p o rte d  th a t 
m u lt ip le  c o rre la tio n s  w e re  h ig h e r fo r  the  com pounds they  
s tud ied , suggesting  m u lt ip le  effect o f com pounds ra th e r 
tha n  a s ing le  com pound. D a y  et al. (1 9 6 3 ) also concluded 
th a t as the nu m be r o f com pounds increased, the  p o s s ib ility  
o f au g m e n tin g  in te ra c tio n s  increased.

T h e  fo llo w in g  s ix  com pounds w e re  used to  de te rm in e  i f  
the  panel cou ld  d is tin g u is h  a change in  co n ce n tra tio n  o f 
one com pound in  a m ix tu r e : e th y l c innam ate , gam m a- 
undecalactone, benzy l a lcoho l, e th y l hep ty la te , am y l b u 
ty ra te , and benzaldehyde. T h e  com pound be ing  tested 
was va rie d  1% and 100%  o f beverage con cen tra tion .

In  one series o f tr ia ls  the  o th e r f ive  com pounds o f the 
m ix tu re  w e re  a t th re s h o ld  leve l. F o r  exam ple , a basic 
s o lu tio n  was m ade u p  c o n ta in in g  gam m a-undecalactone, 
benzy l a lcoho l, e th y l he p ty la te , a m y l b u ty ra te , and benz
aldehyde, each one o f these com pound  be ing  a t 100%  o f 
its  beverage s treng th . T o  p a r t  o f the basic so lu tio n  e th y l 
c innam ate  was added a t 1% o f its  beverage s tre n g th  and 
to  an o the r p a r t  i t  was added a t 100%  o f its  beverage 
s tre n g th . T h e  tw o  sam ples w e re  the n  com pared  in  the 
re g u la r tr ia n g u la r  test. A n o th e r  il lu s tra t io n  is g ive n  in  
T a b le  4.

T h is  same p rocedure  was repeated u n t i l  a ll s ix  com 
pounds had successive ly been the  com pound va rie d  in  con- 
con cen tra tion . O n ly  the  so lu tio ns  c o n ta in in g  1% and  100% 
gam m a-undeca lactone w ith  the  o th e r f ive  com pounds at 
th re s h o ld  leve l w e re  d is tin g u ish e d  by  the  pane l a t 0.05 
le ve l o f s ign ificance.

T h e  reason the  co n ce n tra tio n  o f undecalactone caused a 
d iffe rence , w hen the o th e r com pounds d id  no t, m ay have 
been a re s u lt o f the  con cen tra tion  o f undecalactone in  the  
beverage. A t  the  100%  beverage s treng th , undecalactone 
was w e ll above the  con cen tra tion  o f any o th e r com pound.
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Table 4. Example of combinations used to test for concentration 
effect.

Series A  (S compounds at their beverage strength and the sixth 
substance1 at 1 %  and 100% of its beverage strength)

Ethyl cinnamate 
Ethyl heptylate 
Benzyl alcohol 
Benzaldehyde 
Amyl butyrate 
Gamma undecalactone

0.16 ppm
1.66 ppm
2.75 ppm
5.10 ppm
6.76 ppm

14.56 ppm in one solution ; 
0.1456 in the other

Series B (5 compounds at their threshold levels and the sixth sub
stance 2 at 1% and 100% of its beverage strength)

Ethyl cinnamate 
Ethyl heptylate 
Amyl butyrate 
Benzaldehyde 
Benzyl alcohol 
Gamma undecalactone

0.016 ppm 
0.17 ppm
1.3 ppm
1.5 ppm
5.5 ppm

14.56 ppm in one solution ; 
0.1456 in the other

1 Each of the six  substances above was respectively adjusted to 
1% and 100% of its beverage strength with the other compounds 
at their beverage strength forming the basic solution.

2 Each of the six substances was respectively adjected to 1% 
and 100% of its beverage strength with the other compounds at 
their threshold levels forming the basic solution.

A t  1% i t  was to w a rd  the  lo w e r end o f the  range o f con
ce n tra tio n s  fo r  the  o th e r com pounds. W h e n  o th e r com 
pounds w e re  added a t 1% and 100% levels, no  o th e r 
com pound exceeded the  up pe rm ost leve l o f the  fiv e  com 
pounds h e ld  a t 100%  as d ra s tic a lly  as d id  gam m a- 
undecalactone.

T h e  pane l was capable o f de tec ting  a change in  concen
tra t io n  o f one substance am ong s ix  o n ly  w hen the change 
represented a s izable p o r tio n  o f the  to ta l a m o un t o f m a
te r ia l in  so lu tio n . T h is  co n je c tu re  is bo rne  o u t by  the 
fac t th a t the  pane l was n o t able to d is tin g u is h  betw een 1 
and 100%  gam m a-undecalactone w h en  the o th e r f ive  com 
pounds w e re  a t beverage concen tra tion .

T h e  pane l be ing  unab le to  d is tin g u is h  between the 1 
and 100%  so lu tio ns  in d ica ted  th a t the  th re sh o ld  o f a com 
pound  in  d is ti lle d  w a te r m ay be d iffe re n t f ro m  the  th re s h 
o ld  in  a m ix tu re  o f com pounds. F o r  exam ple , the 
th re s h o ld  o f benzaldehyde, one o f the  com pounds used in  
these tr ia ls ,  was 33%  o f its  beverage con cen tra tion . T h is  
w o u ld  m ean th a t 1% was be low  its  th re s h o ld  and 100% 
was above its  th resh o ld . If the  th re s h o ld  o f benza ldehyde 
d id  n o t change w h en  placed in  a m ix tu re  the  panel shou ld  
have been able to  d is tin g u is h  betw een the  so lu tions  con 
ta in in g  1 and  100%  benzaldehyde. H in re in e r  et al. 
(1 9 5 5 b ) observed th a t th re sh o ld  leve ls v a rie d  acco rd ing  
to  the  substra te.

T h e  same m ix tu re  used to  tes t fo r  con cen tra tion  effects 
was e x tra c te d  w ith  pentane, concen tra ted  and in je c te d  
in to  the  gas ch ro m a tog raph . B y  v is u a l in spe c tion  o f the  
ch ro m a tog ram s, one cou ld  d is tin g u is h  betw een the so lu 
tions , b u t the  so lu tio ns  co u ld  be d is tin g u ish e d  che m ica lly  
o n ly  b y  co n c e n tra tin g  th e ir  com ponents.
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L a m b  a n d  P o rk  a s  A f f e c te d  b y  Fa t

SUMMARY—A taste panel was used to study the Identification of roasted beef, pork, lamb and veal by flavor alone and the effect of fat on identification. Only about one-third of the panel could identify correctly all four meats by memory of the flavors. There was an increase in the total number of correct identifications made by comparison of the unknown roasted meat samples with known standards but this was not significantly greater than the total correct responses by memory of the flavor alone. Beef and lamb, but not pork and veal, were identified significantly less often when lean ground roasts were tested than when normal ground roasts (containing fat) were used. Texture, color, mouth feel, and other factors may be important in the identification of meat. Beef, lamb and pork fat, as well as these fats after extraction with chloroform: methanol, were added to lean veal prior to roasting. Addition of beef fat did not increase recognition of veal as beef. Pork fat contained a factor increasing identification of veal as pork, but this factor was water-soluble and could be removed. Lamb fat contained a component, or a fat-soluble component, that significantly increased the identification of veal as lamb.
INTRODUCTION

The problem of identifying the  chem ica l com ponents 
o f m eat f la v o r co u ld  be s im p lif ie d  i f  i t  cou ld  be accepted 
th a t d iffe rences in  m eat fla vo rs  arise  fro m  the fa t ra th e r 
tha n  the lean p o r tio n  o f the  m eat as has been re p o rte d  
(H o rn s te in  et a l., 1960 ). H o w e v e r, such an assum ption  
raises questions as to  w h e th e r species f la v o r cha rac te ris tics  
are re a lly  id e n tifia b le , and w h e th e r the y  cou ld  be a ttr ib u te d  
to  the lean o r  fa t p o rtio n s  o f the meat.

A lth o u g h  m any people be lieve they  can. id e n tify  cooked 
beef, p o rk , lam b  o r vea l by  fla v o r, p re lim in a ry  o rg an o 
le p tic  tests fo r  the eva lu a tio n  o f m eat f la v o r fra c tio n s  in d i
cated th a t the  tru e  diffe rences betw een meats w ere  no t 
g rea t. W ith o u t  p re sen ting  data, H o w e  e t  al. (1 9 3 7 ), 
com m e n tin g  on the  id e n tific a tio n  o f meats by b lin d fo ld e d  
people, in d ica ted  th a t beef and p o rk  are id e n tifie d  c o rre c tly  
m ore  o ften  tha n  lam b o r  veal. T h e y  a ttr ib u te d  th is  to 
the  presence o f m o d ifie d  e x tra c tiv e s  and fa t on  the  ou ts ide  
o f the  m eat th a t has been exposed to  h ig h  tem pe ra tu res, 
and suggested th a t the  d is ting u ish ab le  cha rac te ris tics  re 
side c h ie fly  in  a specific  c o n s titu e n t o f the  fa t.

C ro cke r (1 9 4 8 ) p re pa red  b ro th s  f ro m  m eat and trea ted  
m eats, and re p o rte d  th a t n e ith e r the  m a rro w , w h ic h  is 
h ig h  in  lo w -m e ltin g  fa ts , n o r the ou ts ide  o r  tissue fa ts  
co n trib u te  g re a tly  to  beef f la vo r. F u r th e r  stud ies by 
K ra m lic h  et al. (1 9 5 8 ) c o n firm e d  th a t the  fa t con ten t o f 
beef was n o t responsib le  fo r  d iffe rences in  f la vo rs  o f b ro th s  
prepared fro m  m eat. A c c o rd in g  to  H o fs tra n d  et al.

(1 9 6 0 ), lam b fa t d id  n o t s ig n if ic a n tly  a ffec t the  taste o f 
b ro th s  made fro m  lam b o r  m u tto n , b u t i t  m ay have con 
tr ib u te d  to  the  a rom a o f the  bro ths.

T h e  effect o f fa t  on ch icken  f la v o r was re p o rte d  by 
P e te rson  (1 9 5 7 ) to  be ne g lig ib le . E x tra c t io n  o f ly o p h i-  
lized  m uscle w ith  fa t so lvents d id  n o t reduce the  f la v o r o r 
o d o r o f ch icken b ro th  p repa red  fro m  the m eat, and fla v o r 
p ro file s  o f the ex trac te d  m eat w ere  s im ila r  to , b u t w eaker 
than , those o f w ho le  ch icken  b ro th . P ip pe n  et a l. (1 9 5 4 ) 
also fo u n d  th a t fa t  was o f m in o r im p o rta n ce  to  ch icken 
fla v o r, b u t d id  c o n trib u te  som e th ing  to  the  arom a.

T h e  stud ies re p o rte d  in  th is  paper in ves tig a ted  the 
a b il i ty  o f the average consum er to  id e n tify  m eats com 
m o n ly  used and to  de te rm in e  some effects o f the  fa t in  
ch a ra c te r iz in g  the species o f m eat sources.

METHODS
The meats used in  the  s tu d y  w e re  eye roas t o f bee f; 

vea l shou lder ro a s t ; leg o f lam b, ru m p  e n d ; and p o rk  lo in , 
lo in  end. These w e re  purchased the day be fore  the  tests 
fro m  a local com m erc ia l m eat m a rke t. T h e  m eat was 
tr im m e d  fro m  the bone. W h e n  lean m eat was desired, the 
m eat was cu t in to  sm a ll pieces, and a ll fa t  was rem oved 
in c lu d in g  as m uch  o f the in te rm u s c u la r fa t  as possible. 
In i t ia l  stud ies in d ica ted  th a t panel selections, us ing  pieces 
o f w h o le  roast, w e re  o ften  based on c o lo r and te x tu re  
ra th e r than  fla v o r. T o  reduce the  in fluence  o f these e x 
traneous fac to rs  the m eat was passed tw ice  th ro u g h  an 
e lec tr ic  g r in d e r  equipped w ith  a p la te  w ith  3 /1 6  in . holes.

W h e n  the effect o f fa t was to  be eva luated, the  m eat 
was g ro u n d  w ith  10% by  w e ig h t o f the  selected fa t to 
ensure hom ogeneous d is tr ib u tio n . T h e  g ro u n d  m eats w ere  
shaped in to  loaves and roasted a t 3 5 0 °F  fo r  1 /4  h r  to  an 
in te rn a l te m pe ra tu re  o f a p p ro x im a te ly  190°. A n  in it ia l 
test was conducted to  com pare the  id e n tific a tio n  o f ho t 
roasts w ith  th a t o f co ld  roasts. T h e  co ld  m eat was id e n ti
fied  w ith  the  same degree o f accuracy as the  w a rm  m e a t; 
the re fo re , since i t  w as m ore  con ven ien t to  hand le, a ll tes t
in g  was c a rr ie d  o u t w ith  m eat roasted the  a fte rn o o n  before 
the test, re fr ig e ra te d  o v e rn ig h t and a llo w e d  to  eq u ilib ra te  
to  ro o m  te m p e ra tu re  before serv ing .

T h e  taste panel ranged fro m  27 to  31 people in  the  v a r i
ous exp e rim e n ts . A  nu m be r o f w om en  w e re  in v ite d  to 
p a rtic ip a te  on the pane l to  de te rm in e  w h e th e r the y  w ere  
m ore  d is c r im in a tin g  tha n  m en in  id e n tify in g  the  meats, 
based on th e ir  p resum ed fa m il ia r i ty  w ith  the  fla v o r o f the 
meats d u r in g  p re pa ra tion . N onchem is ts , bo th  m en and 
w om en, w ere  also inc lud ed  on the  panel to  estab lish  the 
ro le  o f p ro fess iona l t ra in in g  in  m eat id e n tific a tio n .
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T h e  pane l was n o t a “ tra in e d ”  p a n e l; i t  had n o t been 
screened to  e lim in a te  those w ith  po o r d is c r im in a tio n  n o r 
w e re  the  pane lis ts  spec ifica lly  fa m ilia r iz e d  w ith  the  m a
te r ia l to  be tested. H o w e v e r, a n u m b e r o f the  pane lis ts  
had  p re v io u s ly  p a rtic ip a te d  in  o rg a n o le p tic  expe rim en ts  
w ith  m eat f la v o r  and arom a. I t  was an tic ip a ted  th a t a 
le a rn in g  process m ig h t occu r d u r in g  the  course o f the  tes t
in g  b u t the  panel responses to  s im ila r  exp e rim e n ts  near 
the  b e g in n in g  and end o f the  series w ere  s u ffic ie n tly  a like  
to  show  th is  was n o t necessarily  happen ing .

I n  the tests, the pane lis ts  w e re  g ive n  fo u r  coded samples 
o f m eat in  paper cups. T h e  g ro u n d , roasted  m eat was 
b ro ken  in to  pieces to  ( 1 )  reduce se lection b y  c o lo r o r 
te x tu re , and ( 2 )  to  m ix  the ou te r, b ro w n  c ru s t w i th  the 
ins ide  m eat fo r  m ore  u n ifo rm  sam p ling . T h e  pane lists 
w ere  asked to  id e n tify  the  m eat samples, re ly in g  on th e ir  
m e m o ry  o f the  o d o r and taste o f the  m eats. I n  one test 
the pane lis ts  w ere  g iven  fo u r  id e n tifie d  samples o f m eat 
and then  requested to  id e n tify  fo u r  u n k n o w n  sam ples by 
d ire c t com parison  w ith  the  k n o w n  meats.

T h e  da ta  w ere  ana lyzed s ta tis tic a lly  by  the  C h i square 
tes t as described in  A m e rin e  e l al. (1 9 6 5 ) . A n a ly s is  o f 
va riance  cou ld  n o t be de te rm ined  because the d iffe rences 
in  sam ple sizes between the nu m be r o f m en and w om en 
and betw een the  nu m ber o f chem ists and nonchem ists w ere  
too  g rea t. F u rth e rm o re , the variance  o f the  n o rm a l ap 
p ro x im a tio n  is a fu n c tio n  o f sam ple size, so the  variances 
o f the  g roups  w o u ld  be q u ite  d iffe re n t.

A  nu m be r o f the e xp e rim e n ta l resu lts  w e re  con firm ed  
w ith  tr ia n g le  tests w here  the panel selected the  odd  sam 
ple and id e n tifie d  b o th  the  odd and pa ired  samples.

Beef, p o rk  and lam b fa ts  w ere  e x tra c te d  acco rd ing  to  a 
m o d ific a tio n  o f the  m e thod  o f F o lch  et al. (1 9 5 7 ) . F i f ty -  
g ra m  qu an titie s  o f fa t  tissue w ere  hom ogenized w ith  500 
m l c h lo ro fo rm :m ethano l ( 2 : 1 )  fo r  1 m in  in  a W a r in g  
b len do r. T h e  und isso lved  tissue and res idue w e re  rem oved 
by  c e n trifu g a tio n . T h e  c h lo ro fo rm : m ethano l so lu tio n  was 
shaken w ith  100 m l o f the uppe r phase o f c h lo ro fo rm : 
m e th a n o l: w a te r ( 8 : 4 : 3 )  m ix tu re  in  a sep ara to ry  fun ne l 
and the tw o  phases a llow ed  to separate. W a te r-s o lu b le  
com ponents in  the uppe r phase w ere  d iscarded. T h e  
c h lo ro fo rm : m e thano l so lu tio n  was concen tra ted  in  a ro ta ry  
eva po ra to r un de r vacuum  and the fin a l traces o f so lven t 
rem oved by  hea ting  the  fa t to  abou t 50°C  on a w a te r ba th  
and b u b b lin g  N 2 th ro u g h  the liq u id  fa t fo r  15 to  20 m in .

Treatments
T h e  m eats w ere  trea ted  in  the fo llo w in g  m anne r. E x 

pe rim en ts  described in  the  paper re fe r to  these trea tm ents .

E x p e r im e n t  1 :  L e a n  w h o le  ro a sts . W h o le  roasts w e re  
tr im m e d  o f a ll v is ib le  cove rin g  fa t, roasted  and  sliced fo r  
analysis.

E x p e r im e n t  2 :  L e a n  g r o u n d  ro a sts . M e a t t r im m e d  fro m  
the bones was cu t in to  sm all pieces and a ll v is ib le  fa t re 
m oved. A f te r  be ing  g ro u n d  tw ice , the  m eat w as roasted.

E x p e r im e n t  3 :  N a tu r a l g r o u n d  ro a sts . M e a t tr im m e d  
o f a sm a ll a m o u n t o f c o ve rin g  fa t was g ro u n d  tw ic e  and 
roasted.

E x p e r im e n t  4 :  D ir e c t  c o m p a riso n . E ach  m ea t was 
tr im m e d  o f fa t, then  fa t was added back a t the  le ve l o f 10%  
o f the  w e ig h t o f the  m eat. T h e  m eats w e re  the n  g ro u n d  
tw ice  and roasted. L a be lle d  samples w ere  presen ted to  the  
panel. U n k n o w n , coded samples fro m  the  same roasted 
loaves w ere  g iven  to  the  panel fo r  id e n tific a tio n  b y  com 
pa riso n  w ith  the labe lled standards.

E x p e r im e n t  5 :  F o u r  v e a l sa m p le s . A  vea l shou lde r roast, 
t r im m e d  o f fa t, w as g ro u n d  tw ice  and roasted. E a ch  panel 
m em ber rece ived fo u r  coded samples o f the  roasted, g ro u n d  
vea l in  the same m anner as in  the  p re v io us  expe rim en ts .

E x p e r im e n t  6 : l'7cal a n d  b c e j, p o rk  o r  lam b fat. V e a l 
shou lde r roast, t r im m e d  o f fa t, w as d iv id e d  in to  fo u r  
a liqu o ts . Beef, p o rk  o r lam b fa t, in  10% co n ce n tra tio n  by 
w e ig h t o f the  veal, was m ixe d  w ith  each o f th ree  a liqu o ts  
o f veal and g ro u n d  tw ice  be fore  roa s ting . T h e  fo u r th  a l i
qu o t was p repa red  w ith o u t added fa t and served as a con
t ro l fo r  the  id e n tific a tio n  o f veal.

E x p e r im e n t  7 :  V e a l a n d  e x tra c te d  fa t. T h e  p rocedure  
was id en tica l w ith  th a t o f E x p e r im e n t 6 excep t th a t e x 
tra c te d  fa t was used. I n  a ll instances the  te rm  “ fa t ”  re fe rs  
to  fa t ty  tissue ra th e r  than  pu re  fats, except fo r  the  e x tra c te d  
fats.

RESULTS
The results of the tests are show n in  T ab les  1 to  4. 

T a b le  1 is a c o m p ila tio n  o f the n u m b e r and percen tage o f 
co rre c t responses ob ta ined in  the  v a rio u s  exp e rim e n ts . I n  
T a b le  2 the  exp e rim e n ts  in  each species o f m eat a re  a r 
ranged to  show  the re la tio n s h ip  o f s ig n if ic a n t d iffe rences 
am ong the response frequencies. T h e re  are no s ta tis tic a lly  
s ig n if ic a n t d iffe rences am ong exp e rim e n ts  th a t are u n d e r
lined . T h e  d is tr ib u tio n  o f o rg a n o le p tic  responses to  vea l 
alone is presen ted in  T a b le  3, and com parisons o f the 
eva lua tions o f veal to  w h ic h  the  va rio u s  fa ts  have been 
added are show n in  T a b le  4.
Effect of sex

N o  s ig n if ic a n t d iffe rence  between the responses o f m en 
and wom en.

T a b le  1 . R e s u l t s  o f  t h e  e x p e r im e n t s  i n v o l v i n g  i d e n t i f i c a t i o n  o f  f o u r  s p e c ie s  o f  m e a t  a n d  t h e  e f f e c t  o f  f a t  o n  t h e  
r a t e  o f  i d e n t i f i c a t i o n .

Expt
No.1

Identification Panelists

Total
No.

% Identifying samples correctlyTotal
No.

No.
correct %correct Beef Lamb Pork Veal All four

l 108 66 61.0 27 82.0 44.5 70.0 41.0 37
2 124 58 46.7 31 45.2 42.0 51.6 45.2 22.5
3 112 72 63.0 28 71.5 78.5 61.0 50.0 35.7
4 120 96 80.0 30 90.2 76.7 84.5 73.3 63.7
6 108 44 40.6 27 40.8 48.4 45.0 29.7 7.4
7 104 44 42.0 26 38.5 69.5 27.0 34.5 3.8

1 F o r  d e t a i l s  o f  t h e  e x p e r im e n t s  r e f e r  t o  m e th o d s .
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Table 2. Relationship of statistical significance among the fre
quencies of correct responses as determined by Chi-square analysis.

Experiment numbers1

Beef 4, 1, 3 2, 6, 7

Lamb
1---
3,
1

4, 7 6,
1

1. 2

Pork 4,
1

1,
!
3
1

2,
1
6, 7

Veal 4,
1
1, 3 2, 6, 7

1 Underlined experiments show no statistical differences among 
their responses.

Effect of training
T h e re  was no s ig n if ic a n t d iffe rence  betw een the  re 

sponses o f chem ists and non-chem ists. (H o w e v e r, i t  shou ld  
be no ted  th a t the  n u m be r o f non-chem ists  and o f w om en 
on the pane l w e re  cons ide rab ly  less tha n  the nu m be r o f 
chem ists and m en .)

Effect of treatment
T h e  o n ly  h ig h ly  s ig n if ic a n t d iffe rence  in  responses o f 

pane lis ts  was due to  the trea tm en ts .

Effect of color and texture
T h e  possib le effect o f the  c o lo r and te x tu re  o f the  m eat 

samples on id e n tific a tio n  can be seen by co m p a rin g  the 
resu lts  o f E x p e r im e n ts  1 and 2 in  T ab les  1 and 2. F ro m  
T ab le  1 i t  can be seen th a t the percentage o f c o rre c t 
id e n tifica tio n s  fo r  lam b and vea l on w h o le  lean roasts is 
a p p ro x im a te ly  the  same as fo r  g ro u n d  lean roast, b u t the 
nu m ber o f co rre c t id e n tific a tio n s  o f beef and p o rk  decline 
fo r  g ro u n d  m eat. H o w e v e r, acco rd ing  to  T a b le  2, o n ly  the 
d iffe rence  in  the  beef samples was s ta t is t ic a lly  s ig n ifica n t. 
T h u s  the te x tu re  o f the  w h o le  lean beef roast, and poss ib ly  
the  c o lo r o f the  w h o le  p o rk  roas t w ere  s u ffic ie n tly  charac
te r is t ic  to  a id  in  the  id e n tific a tio n  o f these meats.

Table 3. Identification of four identical samples of veal by 2S 
panelists.

Identification %

Beef 32
Veal 33
Pork 24
Lamb 11

Correct identification
T h e  percentage o f the to ta l nu m be r o f co rre c t id e n tific a 

tion s  m ade in  each exp e rim e n t, and also the percentage o f 
the  pane lis ts  in  each e xp e rim e n t th a t w e re  able to  id e n tify  
c o rre c tly  each m eat sam ple and a ll fo u r  samples are shown 
in  T a b le  1. T h e  data based on a ll the id e n tific a tio n s  made 
in d ica te  tha t, w here  the pane lis ts  depended on th e ir  m em 
o ry  o f the  cha ra c te ris tic  f la v o r o f the  m eat, the  best they 
cou ld  do was to  id e n tify  6.3% c o rre c tly  (E x p e r im e n t 3 ) .  
I n  E x p e r im e n t 4, w here  the pane lis ts  had k n o w n  m eat sam 
ples as a basis o f com parison, they id e n t'f ie d  80%  c o rre c tly .

T h e  p ro p o rtio n  o f pane lis ts  c o rre c tly  id e n tify in g  a ll fo u r  
meats b y  m em o ry  a lone was 37%  o r  less (c o lu m n  10, 
T a b le  1) ; abou t tw o - th ird s  o f the  pane l w ere  able to  do 
so w h en  com p a rin g  the  u n kno w ns  w ith  k n o w n  m eat 
samples.

A lth o u g h  these data ind ica te  th a t the  a b il i ty  o f the panel 
to  id e n tify  the meats by  m em o ry  is n o t v e ry  h igh , s ta tis tica l 
ana lys is  o f the co rre c t id e n tific a tio n s  o f the m eats by 
v a r ie ty  shows no s ig n if ic a n t d iffe rence  between m em o ry  
id e n tific a tio n  and d ire c t com parison  w ith  a s tandard . F o r  
th is  analysis the n o rm a l, g ro u n d  m eats o f E x p e r im e n t 3, 
id e n tifie d  fro m  m em ory , w e re  com pared  w ith  the  n o rm a l 
g ro u n d  meats o f E x p e r im e n t 4, id e n tifie d  by  d ire c t com 
parison. T h e  pe rcen t values (co lu m n s  6 -9 , T a b le l )  show 
th a t a ll meats except lam b w ere  id e n tifie d  less fre q u e n tly  
b y  m e m o ry  on ly , b u t the d iffe rence  in  the  frequ en cy  o f 
c o rre c t responses between E x p e r im e n ts  3 and 4  w ere  n o t 
s ig n ifica n t.

Effect' of fat on meat- flavor
I t  is p o p u la r ly  assumed th a t fa t  increases the  fla v o r o f 

m eat. H o w e v e r, few  o rg a n o le p tic  stud ies have been c a rrie d  
o u t to  de te rm ine  the ro le  o f fa t  in  the  fo rm a tio n  o f the 
c h a ra c te ris tic  f la v o r o f the m eats. A  com parison  o f the 
resu lts  o f E x p e r im e n t 3, the  n o rm a l g ro u n d  m eat, w ith  
E x p e r im e n t 2, the  lean g ro u n d  m eat, ind ica tes th a t the 
absence o f fa t  led to  a s ig n if ic a n t decrease in  the  nu m ber 
o f co rre c t id e n tifica tio n s  o f beef and lam b. T h e  id e n tific a 
t io n  o f vea l and p o rk  was n o t in fluenced  by  the  absence 
o r presence o f fa t.

H o rn s te in  et al. (1 9 6 0 ) sta ted th a t lean m eats o f the 
v a rio u s  species have essen tia lly  the  same basic a rom a and 
th a t the  species-specific a rom a is due to  the fa t. I f  the f la 
v o r  p re cu rso rs  in  the  fa t fo rm  the c h a ra c te r is tic  a rom a on 
hea ting , the id e n tity  o f the  lean m eat m ay n o t be im p o rta n t.

Table 4. Effect of adding unextracted or extracted beef, pork or lamb fat to veal on identifi
cation compared with that of veal alone or authentic meat.

Comparison with
Veal1 Authentic meat2

Added
fat

Unextracted
fat

Extracted
fat

Unextracted
fat

Extracted
fat

Beef No. sig. differ
ence

No. sig. differ
ence

Sig. lower Sig. lower

Pork Sig. higher No. sig. differ
ence

No. sig. differ
ence

Sig. lower

Lamb Sig. higher Sig. higher Sig. lower No. sig. differ
ence

1 Comparison of identification of veal and added fat with random identification of veal as 
the particular meat (E xpt. S).

2 Comparison of identification of veal and added fat with identification of natural ground 
roast (Expt. 3 ).
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O n  th e  o th e r hand , i f  lean m eat is the  m a jo r  c o n tr ib u to r  
to  the  ch a ra c te r is tic  f la v o r note, then, fa t, regard less o f 
species, co u ld  p la y  a m in o r  ro le .

T o  e x p lo re  th is  fu r th e r ,  veal was selected as the basic 
lean m ea t to  w h ic h  fa ts  o f o th e r species w e re  added. T h e  
choice o f vea l was m ade on the  basis o f the  n a tu ra l leanness 
o f the  m eat and its  n o rm a lly  b land  fla vo r. In  E x p e r im e n t 
5, fo u r  samples o f vea l w e re  g ive n  to  each o f 25 panelists. 
T h e  id e n tific a tio n s  are show n in  T a b le  3. O f  the  100 
samples o f roasted g ro u n d  veal presented, abou t o n e -th ird  
w e re  id e n tifie d  as beef and  o n e - th ird  as v e a l; p o rk  w as the 
choice o f 24%  o f the  pane l and lam b, 11% . Beef, p o rk  o r 
lam b  fa t, in  p o rtio n s  equal to  10%  o f the w e ig h t o f the  veal, 
w e re  g ro u n d  w ith  vea l and  roasted. Id e n t if ic a t io n  was con 
s idered c o rre c t w h en  the  pane lis t recogn ized the vea l p lus  
fa t as the  species o f m eat co rre spo nd ing  to  the fa t. A  
sco ring  o f “ vea l”  fo r  a sam ple o f vea l p lus  fa t  was cons id 
ered in co rre c t. E x p e r im e n t 6  in  T a b le  1 shows the  resu lts  
obta ined . T h e  C h i-squ are  test was used to  analyze the 
d iffe rence  between the responses to  veal a lone as a specific 
species o f m eat (E x p e r im e n t 5 ) and the  responses to  the 
vea l p lus  fa t as the  same species. T h e  a d d itio n  o f beef fa t 
d id  n o t s ig n if ic a n tly  increase the n u m be r o f id e n tifica tio n s  
o f vea l as beef. A d d it io n  o f p o rk  fa t  resu lted  in  a num ber 
o f co rre c t id e n tifica tio n s  o f vea l as p o rk  th a t was s ig n if i
can t ( P  <  0 .0 5 ) , w h ile  the  id e n tific a tio n  o f vea l +  lam b 
fa t as lam b  was h ig h ly  s ig n if ic a n t ( P  <  0 .0 1 ) .

T h e  responses in  the id e n tifica tio n s  o f veal +  fa ts  ( E x 
p e rim e n t 6 )  also w ere  com pared w ith  those o f n a tu ra l 
g ro u n d  roas t (E x p e r im e n t 3 )  as show n in  T a b le  2 to  de
te rm in e  w h e th e r the  ra te  o f id e n tific a tio n s  was the same. 
T h e  id e n tific a tio n  o f b o th  “ beef”  and “ la m b ”  was s ig n if i
c a n tly  less w h e n  the  fa ts  w e re  added to  the  vea l, b u t the 
a d d itio n  o f p o rk  fa t to  vea l resu lted  in  a ra te  o f id e n tific a 
t io n  th a t w as n o t s ig n if ic a n tly  d iffe re n t f ro m  th a t o f the 
n a tu ra l m eat.

F a t  was e x tra c te d  f ro m  fa t ty  tissue and added to  the 
veal u n d e r the  same co n d itio n s  as the  p re v io us  exp e rim e n t. 
T h e  resu lts  are show n as E x p e r im e n t 7 in  T a b le  1. A  
com parison  o f the  resu lts  o f the u n e x tra c te d  fa t and the 
e x tra c te d  fa t exp e rim e n ts  (E x p e r im e n t 6  vs E x p e r im e n t
7 ) in d ica te d  no e ffect o f fa t  e x tra c tio n  on the  id e n tific a tio n  
o f vea l as beef, b u t the  id e n tific a tio n  o f p o rk  was less f re 
quen t w h ile  the  nu m be r o f c o rre c t id e n tifica tio n s  o f lam b 
increased. C h i-squ a re  ana lys is  o f the  d iffe rences between 
the  frequency  o f responses in  these tests ind ica tes th a t no w  
beef and p o rk  w e re  n o t id e n tifie d  to  a s ig n if ic a n tly  d if fe r 
en t e x te n t th a n  vea l was w hen presented alone ( E x p e r i
m e n t 5 ) .

L a m b  id e n tific a tio n , how ever, increased s ig n if ic a n tly . 
F ro m  E x p e r im e n ts  3 and 7 i t  can be seen th a t vea l w ith  
the a d d itio n  o f e x tra c te d  beef o r p o rk  fa t was id e n tifie d  
s ig n if ic a n tly  less o ften  tha n  n a tu ra l beef o r  p o rk , b u t veal 
w ith  la m b  fa t was id e n tifie d  as lam b a p p ro x im a te ly  as o ften  
as n a tu ra l lam b. These resu lts  are sum m arized  in  T a b le  4.

DISCUSSION
T h e  correct id e n t if ic a t io n  o f m eat by  m em o ry  o f 

f la v o r a lone is n o t as re a d ily  accom plished as i t  appears to  
the  average person. B e fo re  be g in n in g  the  tests, m ost o f 
the panel fe lt  the y  cou ld  id e n tify  the v a rio u s  species o f

m e a t; ho w e ver, o n ly  abou t o n e - th ird  o f the  g ro u p  was 
able to  id e n tify  a l l fo u r  m eats c o rre c tly . T h e  e ffec t o f 
te x tu re  and c o lo r o f the m eat, as w e ll as th e  m e tho d  o f 
p re p a ra tio n — the  seasoning, sp ic ing  and g a rn is h in g — in f lu 
ences the  psycho log ica l processes le ad ing  to  re co g n itio n . 
W h e n  id e n tifie d  standards w e re  supp lied  fo r  com p ariso n , 
the nu m be r o f co rre c t id e n tific a tio n s  o f the  m eats increased 
b u t w e re  n o t s ta tis tic a lly  s ig n if ic a n t; abou t a th ir d  o f the  
panel s t i l l  was unab le to  id e n tify  a ll fo u r  o f the  meats.

W h ile  the  a b il i ty  o f e ith e r m en o r w om en  to  id e n t ify  the  
m eats c o rre c tly  was n o t considered an in h e rita b le , sex- 
lin k e d  cha rac te ris tic , i t  was th o u g h t th a t w om en , b y  v ir tu e  
o f th e ir  experience and  t ra in in g  in  fo o d  p re p a ra tio n , m ig h t 
score be tte r tha n  m en in  th is  type  o f test. T h e  resu lts , 
how ever, ind ica te  no s ta tis tic a lly  s ig n if ic a n t d iffe rence  be
tw een the sexes. M in n ic h  et a l. (1 9 6 6 ) ho w e ver, re p o rte d  
th a t m en co n s is ten tly  d isp layed  g re a te r taste s e n s it iv ity  
th a n  w om en in  the  id e n tific a tio n  o f ch icken  f la v o r in  b ro th .

T h e  e ffect o f te x tu re , c o lo r and o th e r ex traneous fac to rs  
m u s t be e lim in a te d  fro m  tests o f th is  type . O u r  resu lts  
c o n firm  the fin d in g s  o f H o w e  et a l. (1 9 3 7 ) th a t beef and 
p o rk  w ere  id e n tifie d  c o rre c tly  m ore  o ften  tha n  la m b  o r 
veal. These au tho rs  a ttr ib u te d  the  d iffe rences to  the  effect 
o f fa t  whereas o u r data, us in g  c ru m b le d  g ro u n d  m eat, 
im p lica te d  selection based on the  c o lo r and te x tu re  o f the 
meat. F a t, ho w e ver, m ay p la y  a ro le  in  the  id e n tif ic a tio n  
o f m e a t; beef and lam b w e re  id e n tifie d  s ig n if ic a n tly  m ore  
o ften  in  fa t-c o n ta in in g  g ro u n d  roasts tha n  in  lean g ro u n d  
roasts, w hereas the  id e n tific a tio n  o f vea l and p o rk  w e re  
unaffec ted by  the  presence o f the  fats.

A n o th e r  type  o f e xp e rim e n t in  w h ic h  specific  fa ts  w ere  
added to  lean m eat was c a rr ie d  o u t to  de te rm in e  the  ro le  
o f the  fa t  in  c h a ra c te r iz in g  the  m eat species. T h e re  are 
th ree  po ss ib ilitie s  fo r  the deve lopm ent o f f la v o r in v o lv in g  
f a t : ( 1 )  the  fa t con ta ins p re cu rso rs  th a t lib e ra te  the  
species-specific a rom a on hea ting , and the lean m ea t its e lf  
has l i t t le  o r no e ffe c t; ( 2 )  the re  is an in te ra c tio n  be tw een 
lean m eat and fa t com ponents to  g iv e  the  desired arom a, 
and the  lean m eat com ponents m ay be e ith e r specific  o r  
non-spec ific  fo r  the  species; ( 3 )  fa t  does n o t co n ta in  com 
pounds th a t y ie ld  species-specific arom a.

V e a l was selected as the  basic lean m eat because i t  has 
less fa t and its  f la v o r  is b lan de r and less d is tin c t iv e  than  
the o th e r m eats. T h e  fla v o r o f vea l resem bles th a t o f beef 
re s u lt in g  in  con fus ion  betw een the  tw o , and th is  was 
dem onstra ted  w hen abou t a th ir d  o f the  pane l id e n tifie d  
veal as beef and a n o the r th ir d  c o rre c tly  ca lled  i t  vea l.

I t  was s u rp r is in g  to  f in d  25%  o f the  pane l id e n tify in g  
vea l as p o rk . B ee f fa t  added to  vea l d id  n o t m ake vea l 
resem ble the  n o rm a l beef roas t and the  id e n tif ic a tio n  o f 
veal p lus  beef fa t as “ beef”  was abou t the  same as the  
ran do m  id e n tific a tio n  o f vea l a lone as “ beef.”  P o rk  fa t, 
ho w e ver, con ta ined  a fa c to r th a t increased re c o g n itio n  o f 
vea l as p o rk  to  a p o in t w h ere  i t  was s ig n if ic a n tly  lik e  th a t 
o f n o rm a l p o rk . E x tra c t in g  the  fa t  w i th  fa t-so lve n ts  and 
w a sh in g  w ith  w a te r rem oved th is  fa c to r and the n  p o rk  fa t 
d id  n o t a ffec t the id e n tific a tio n  o f veal. T h e  resu lts  w ith  
lam b fa t a re  o f in te res t. T h e  a d d itio n  o f lam b  fa t  s ig n if i
c a n tly  increased re c o g n itio n  o f vea l as lam b, b u t n o t to  the  
e x te n t to  w h ic h  n o rm a l lam b was id e n tifie d . E x t ra c t in g  
the fa t resu lted  in  the con cen tra tion  o f the  f la v o r  fac to rs
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so the vea l was id e n tifie d  as lam b  as o fte n  as re g u la r lam b.
H o f  s trand  et al. (1 9 6 0 ) s tud ied  the  e ffect o f fa t  on  the  

fla v o r o f lam b and  m u tto n . D e p o t fa ts  w e re  fo u n d  to  have 
fla v o r com ponents th a t w e re  changed by  h e a t; how ever, 
hea ting  the fa ts  gave arom as th a t w e re  n o t p a r t ic u la r ly  
la m b -lik e  acco rd ing  to  the  judges. F u r th e rm o re , the  a rom a 
fra c tio n  was w a te r-so lu b le , whereas the  fa c to r in  the  s tud y  
rep o rted  here was concen tra ted  in  o r w ith  the  fa t.

T h e  h ig h  ra te  o f lam b id e n tific a tio n  was s u rp r is in g  be
cause m ost o f the pane lis ts  had in d ica ted  th a t th e y  had 
eaten v e ry  l i t t le  lam b  p re v io u s ly  o r  th a t the y  d id  n o t care 
fo r  lam b. T h e  f la v o r o f lam b  is e v id e n tly  so ch a ra c te ris tic  
i t  can be id e n tifie d  by  people w ith  l i t t le  p rev ious  exposure.

O n  the basis o f these exp e rim e n ts  the  ro le  o f fa t  in  
g iv in g  cha rac te r to  the  f la v o r o f a m ea t is n o t the  same in  
eve ry  case. B ee f fa t appeared to  have l i t t le  o r  no  e ffect on 
the  deve lopm ent o f a ch a ra c te r is tic  beef arom a. P o rk  and 
lam b fa ts  a p p a re n tly  con ta in  some fa c to r (s )  th a t develop 
a specific a rom a on he a tin g  w ith  veal. T h e  p o rk  fa t  fa c to r, 
how ever, is w a te r-so lu b le , w h ile  the  lam b fa t fa c to r is e ith e r 
a com ponent o f the  fa t o r  is  fa t-so lub le .
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SUMMARY—Pears of the Ovid variety were harvested at the normal stage of maturity, and ripened in a 70°F storage room. Samples of the fruit were taken out at regular intervals for texture measurements which consisted of the Magness-Taylor pressure test and a modified General Foods Texture Profile.The adhesiveness of the pears was zero. The viscosity of the whole fruit could not be measured. All other parameters of the G. F. Texture Profile (hardness, cohesiveness, elasticity, brittleness, chewiness, and gumminess) decreased during ripening at approximately the same rate as the pressure test.It is suggested that this characteristic of ripening pears is responsible for the success of a simple single measurement (the puncture test) for measuring the complex phenomenon that Is called "textural quality" of pears.
INTRODUCTION

F ood rheologists  m ig h t be d iv id e d  in to  tw o  h y p o th e ti
cal classes. T h e  f ir s t  consists o f those w h o  consider 
te x tu re  a fa ir ly  s im p le  p ro p e r ty  o f foo d  th a t shou ld  be 
sub je c t to  precise m easurem ent ra th e r easily. T h is  class 
can, fo r  exam ple , p o in t to  the  success o f the  M agness- 
T a y lo r  p ressure  tes te r in  m e a su rin g  the  m a tu r i ty  o f pears 
and the  T e n d e ro m e te r in  m e a su rin g  the  m a tu r i ty  o f fresh  
green peas to  su p p o rt th e ir  v ie w . H o w e v e r, th is  class is 
faced w ith  the  p ro b le m  o f e x p la in in g  the  g re a t d if f ic u lty  
th a t has been encounte red  in  m ea su rin g  the  te x tu re  o f a 
la rge  nu m be r o f foods.

T e x tu r e  P r o f i le  o f  R ip e n in g  P e a rs

T h e  second class consists o f those w h o  cons ider th a t 
te x tu re  is the  sum  o f a nu m be r o f d iffe re n t p ro p e rtie s  o f 
foods th a t are sensed b y  several d iffe re n t organs o f the  
hum an  body. Som e o f these p ro p e rtie s  m ay be com p le x  in  
na tu re . T o  s u p p o rt th e ir  v ie w  th is  class can p o in t to  the 
seem ing resistance o f m an y  foods to  s a tis fa c to ry  o b je c tive  
m easurem ent o f th e ir  te x tu re  b y  s im p le  appara tus. T h is  
class is faced w ith  the  p ro b lem  o f e x p la in in g  the  ease w ith  
w h ic h  c o m p a ra tiv e ly  s im p le  in s tru m e n ts  m easure the  te x 
tu re  o f c e rta in  foods.

T h e  M a g n e s s -T a y lo r p ressure  tes te r (M a g n e ss  et al., 
1925) is an exam ple  o f a s im p le  te x tu re -m e a s u r in g  in s tru 
m ent. I t  appears to  be ro u tin e ly  used to  choose the  tim e  to 
ha rves t and process pears. S a lunkhe  et a l. (1 9 6 6 ) state, 
“ I t  has been agreed th a t the  p ressure  tes te r is the  best 
s ing le  test fo r  pear m a tu r ity  as the  pear is n o t ready  to  eat 
w hen p icked ,”  and th e y  no te  th a t recom m endations range 
fro m  15 to  20 pounds p ressure  tes t a t ha rves t tim e . A  
g ro u p  in  C a lifo rn ia  (L e o n a rd  et a l., 1954 ; L u h  et a l., 1955 ; 
D am e et a l., 1956 ; L e o n a rd  et a l., 1957 ; and C la yp o o l et 
a l., 1958) have show n  in  a series o f stud ies th a t a pressure  
test o f 2 to  3 pounds g ives the  best o v e ra ll q u a lity  in  
canned pears and  th a t us in g  f r u i t  w i th  a h ig h e r o r  lo w e r 
p ressure  test tha n  th is  range causes a loss o f q u a lity  in  
e ith e r te x tu re , f la v o r, a rom a o r  appearance.

T h e  G enera l F oods T e x tu ro m e te r  (F r ie d m a n  e t  a l.,
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1963) is an exam p le  o f a com p le x  te x tu re  m easuring  
in s tru m e n t fro m  w h ic h  the G .F . T e x tu re  P ro f ile  is o b 
ta ined . T h is  consists o f the param eters  hardness, cohe
siveness, e la s tic ity , adhesiveness, b rittle ne ss , chewiness, 
gum m iness and v isco s ity . T h e re  is no pub lished  data 
de sc rib ing  ho w  the v a rio u s  param eters  o f the  G .F . T e x tu re  
P ro file  o f pears change as the pears rip en . T h is  s tudy  
was designed to  f in d  the  re la tio n  between G .F . T e x tu re  
P ro file  and the M a g n e s s -T a y lo r pressure o f r ip e n in g  pears 
and to  th ro w  some l ig h t  on the c o n flic t be tw een s im p le  
te x tu re  vs. com p le x  te x tu re  th e o ry  o f foods.

EXPERIMENTAL
Preparation of fruit

O v id  v a r ie ty  pears w e re  ob ta ined  f ro m  the  E x p e r im e n t 
S ta tio n  o rchards. T h e  O v id  pear is a B a r t le t t  seedling 
th a t m a tu res  abou t fo u r  weeks la te r tha n  the re g u la r B a r t 
le tt  pear. T h e  te x tu re  o f its  flesh c lose ly  resem bles tha t 
o f the  B a r t le t t .  T h e  pears w ere  s to red  a t 3 2 °F  fo r  s ix  
weeks, and then placed in  a r ip e n in g  roo m  a t 7 0 °F . A  
sam ple o f 25 pears was taken th ree  tim es w e ek ly  fo r  
te x tu re  m easurem ents. E ach  pear was p u n c tu re d  tw ice  
w ith  a 7/1 6 "  d iam . M a g n e s s -T a y lo r pressure  t ip  m oun ted  in  
an In s tro n  u n iv e rs a l te s tin g  m ach ine. T h e  Yi q "  d iam . 
pressure t ip  was used instead o f the  usua l % 6"  d iam . t ip  
because i t  came c loser to  the  d iam e te r o f sam ple used in  the
G .F . T e x tu re  P ro file .

T h e  a d ap ta tion  o f the  In s tro n  m ach ine fo r  foo d  w o rk  
has been described by  B o u rn e  et a l. (1 9 6 6 ) . T w o  2-cm  
d iam . cy lin d e rs  o f tissue w ere  cu t fro m  each pear a t r ig h t  
angles to  the  core ax is  w ith  a c o rk  b o re r and tr im m e d  to  a 
h e ig h t o f 1 cm . These cy lin d e rs  w e re  used fo r  the  m o d i
fied  G .F . T e x tu re  P ro file  test. B o th  M a g n e s s -T a y lo r and
G .F . T e x tu re  P ro file  w e re  p e rfo rm e d  on the  same pears. 
A l l  tests w e re  m ade w ith  the s k in  rem oved fro m  the test 
section. M ea n  values w e re  ca lcu la ted  f ro m  the  50 read ings 
fo r  each pa ram e te r made on each test day.

Use of Instron machine
T h e  In s tro n  m ach ine was used to  p e r fo rm  the G .F . 

T e x tu re  P ro file . A  f la t h o r iz o n ta l p la te , a p p ro x im a te ly  
15 cm  d iam e te r, was a ttached to  the  in v e rte d  load  ce ll 
w h ic h  was bo lte d  to  the  m o v in g  crosshead. T h e  crosshead 
was set to  cycle w ith  a v e r t ic a l re c ip ro c a tin g  m ovem ent 
a t a constan t speed o f 5 cm  per m in  and w ith  a s troke  
le n g th  o f 7.5 m m . T h e  m a x im u m  space betw een the  m o v 
in g  h o r iz o n ta l p la te  and the s ta tio n a ry  h o r iz o n ta l bedp late 
o f the  m ach ine was 10 m m  and the m in im u m  space was
2.5 m m . T h e  m o v in g  p la te  compresses the 10 m m  h ig h  
c y lin d e r o f pear flesh d o w n  to  2.5 m m  h ig h  ( th e  f irs t  
‘ 'b ite ” ) the n  i t  rises back to  its  s ta r t in g  p o s it io n  and  m oves 
d o w n  to  com press the  pear tissue d o w n  to  2.5 m m  again 
( th e  second “ b ite ” ) .  E ach  piece o f f r u i t  was sub jected 
to  tw o  “ b ite s .”  T h e  c h a rt was d r iv e n  a t 50 c m /m in , 
e x a c tly  10 tim es the speed o f the  m o v in g  crosshead. T h is  
gave a te n fo ld  m a g n ific a tio n  o f the  d istance a x is  and opened 
o u t the  fo rce -d is tance  cu rve  so th a t the  v a rio u s  m easure
m ents re q u ire d  fo r  the  G .F . T e x tu re  P ro f ile  cou ld  be 
re a d ily  ob ta ined.

T h e re  are some d iffe rences betw een p e r fo rm in g  the  G .F . 
T e x tu re  P ro f ile  T e s t on  the  G .F . T e x tu ro m e te r  and p e r

fo rm in g  i t  on the  In s tro n  m ach ine. These d iffe rences m ake 
a t least one q u a lita tiv e  change in  the G .F . T e x tu re  P ro file . 
T h e y  p ro b a b ly  cause some q u a n tita tiv e  changes as w e ll. 
Because the G .F . T e x tu ro m e te r  is d r iv e n  by an eccen tric , 
the  speed o f tra v e l o f the  m o v in g  p a rts  va ries  in  a s in u s o i
da l p a tte rn . T h e  G .F . T e x tu ro m e te r  is de ce le ra tin g  as i t  
approaches the  end o f the  com pression s tro ke  and  i t  s lo w ly  
accelerates again as i t  begins its  u p w a rd  stroke . T h e  speed 
is a t a m a x im u m  a t the cen ter po s itio n  o f each s troke .

Because the w o rk in g  p a rts  o f the  G .F . T e x tu ro m e te r  
are d r iv e n  by a le ve r m o v in g  abou t a fu lc ru m , the  p lu n g e r 
m oves th ro u g h  the  arc  o f a c irc le . O ne  edge o f the  p lu n g e r 
contacts the  food at f ir s t  and as the d o w n s tro ke  con tinues, 
the  area o f p lu n g e r p ress ing  on the  food  increases u n t i l  
the e n tire  p lu n g e r area is in  con tac t w i th  the fo o d  a t the  
end o f the  do w n stro ke . D u r in g  the  up s tro ke  the  con tac t 
area between the p lu n g e r and the fo o d  becomes p ro g re s 
s ive ly  sm a lle r. A s  a resu lt, the fo rc e -tim e  curves f ro m  the
G .F . T e x tu ro m e te r  have rou nd ed  fo rce  peaks.

I n  con tra s t, the  speed o f the In s tro n  is con s tan t a t a ll 
tim es. T h e  In s tro n  approaches the end o f the  com press ion  
s troke  a t cons tan t speed and dece lera tion  is e x tre m e ly  
rap id . W h e n  the com pression s troke  is com p le ted , i t  
a b ru p tly  reverses d ire c tio n  and s ta rts  its  u p w a rd  s tro ke  a t 
f u l l  speed.

T h is  a b ru p t change in  d ire c tio n  a t con s tan t speed resu lts  
in  sha rp  peaks in  the  fo rce -d is tance  cu rve  (see F ig . 1 ) . 
S ince the  com press ing p lu n g e r m oves in  a s t r ic t ly  re c t i
lin e a r m an ne r the p lu n g e r area in  con tact w i th  the  food  
is cons tan t d u r in g  the  tes t (un less the  food  spreads o u t 
u n d e r com p ress io n ).

T h e  c h a rt on  the  G .F . T e x tu ro m e te r  g ives a fo rc e -tim e  
curve , and  the areas u n d e r the curves A i  and  A 2 are 
the re fo re  fo rc e -tim e  in te g ra ls . T h e  c h a rt o f the  In s tro n  
g ives a fo rc e -tim e  cu rve  also, b u t since bo th  c h a rt and 
d r iv e  m o to r are synch ron ous ly  d r iv e n  th is  is also a fo rce - 
d istance curve . H ence  the  areas u n d e r the  In s t ro n  curves 
are b o th  fo rc e -tim e  and fo rce -d is tance  in te g ra ls . S ince the  
w o rk  fu n c tio n  is a fo rce-d is tance  in te g ra l, the  areas u n d e r

F ig . 1. D ir e c t  tra c e  ( h e a v y  lin e )  o f  f o r c e -d is ta n c e  c u r v e  o b 
ta in e d  f o r  a G .F . T e x tu r e  P r o f i le  on a c y l in d e r  o f  p e a r  t is s u e  in  th e  
I n s tr o n  m a ch in e . T h e  te s t  c o n s is ts  o f tw o  c o m p le te  c o m p r e s s io n -  
d e c o m p r e ss io n  cyc le s .
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the In s tro n  curves are tru e  m easurem ents o f w o rk  and 
can be used as such.

Interpretation of curve
F ig . 1 is a d ire c t tra c in g  o f a fo rce -d is tance  cu rve  

d ra w n  by  the  In s tro n  c h a rt fo r  one c y lin d e r o f pear tissue. 
T h e  tra c in g  is rep roduced  here as the  m ir ro r- im a g e  in  
o rd e r th a t the  d istance a x is  read fro m  le ft  to  r ig h t  in  the  
conven tiona l m anner. T h e  c h a rt was set to  m ake a “ p ip ”  
eve ry  tim e  the crosshead com m enced a do w n  s troke . A s  
the  crosshead s ta rts  a p ip  is m a rke d  on the  cha rt. T h e  
fo rce  then rises s tea d ily  u n t i l  the re  is a m a jo r  b re ak  in  
the f r u i t  tissue denoted by  a d ro p  in  fo rce . T h e  G .F . 
T e x tu re  P ro f ile  defines the h e ig h t o f th is  peak as “ b r i t t le 
ness.”  I t  is  a fo rce  m easurem ent and has the  d im ens ion  
m  l  r 2. T h e  pear tissue con tinues to  crack  open and squash 
f la t as the  d o w n s tro ke  con tinues. T h e  squash ing, w h ic h  
req u ire s  in c reas ing  fo rce , con tinues u n t i l  the  do w n s tro ke  
ends and the  up s tro ke  begins. T h e  m a x im u m  h e ig h t in  
th is  p a rt o f the  cu rve  is de fined as “ hardness”  by the  G .F . 
T e x tu re  P ro file . I t  is a n o the r fo rce  m easurem ent w ith  
d im ensions m  l K 2.

A s  the re tu rn  s troke  begins, the  fo rce  d rops  o ff to  zero 
q u ic k ly  and m ost o f the  up s tro ke  occurs w ith  zero force. 
W h e n  the up s tro ke  is com ple ted the m ach ine a u to m a tica lly  
reverses d ire c tio n  and im m e d ia te ly  begins the  second 
do w n s tro ke . T h e  m a rk e r on the  c h a rt reco rds a sm a ll 
“ p ip ”  to  m a rk  the onset o f the  second do w n s tro ke . T h e  
f irs t  section o f the  second d o w n s tro ke  occurs a t zero fo rce  
because the pear does n o t recove r its  fu l l  he igh t. W h e n  
the  com press ing p la te  contacts the  f r u i t  fo r  th e  second 
tim e , the  fo rce  aga in  rises in  a sm oo th  cu rve  w ith  no 
breaks u n t il the s troke  is com ple ted. A t  th is  t im e  the  
m ach ine aga in  a b ru p tly  reverses d ire c tio n , the  fo rce  fa lls  
back q u ic k ly  to  zero and the  second s troke  ends u n eve n t
fu lly .
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DAY'S IN RIPENING R O O M

F ig . 2. C h a n g es  in  G .F . T e x tu r e  P r o f i le  a n d  M a g n e s s - T a y lo r  
p u n c tu re  te s t  on p e a r s  a s  a fu n c tio n  o f  t im e  in  7 0 ° F  r ip e n in g  ro o m . 
A l l  sc a le s  u p  th e  o rd in a te  a re  lin e a r  a n d  c o m m en ce  a t  z e r o . F u ll  
sca le  v a lu e s  a rc :  b r i t t le n e s s ,  h a rd n e s s  an d  M a g n e s s - T a y lo r ,  14 .0  
K g ;  c h e w in e s s  2 .80 K g  m m ;  e la s tic i ty  2 .80 m m ;  g u m m in e ss  1 .4  K g .

“ E la s tic ity , ”  as de fined in  the  G .F . T e x tu re  P ro file , is 
the d istance th a t the  foo d  recovers between the f irs t  and 
second bites. W ith  the  In s tro n  m ach ine th is  is easily 
m easured by  d ro p p in g  a p e rp e n d icu la r fro m  the peak o f the 
second b ite  and m ea su rin g  the  d istance a long  the baseline 
fro m  th is  p o in t back to  the p o in t w here  the  com press ing 
p la te  con tacted the  pear. W ith  the  G .F . T e x tu ro m e te r  
th is  m easurem ent ap p ro x im a tes  the  d istance o f recovery . 
W ith  the  In s tro n  m ach ine th is  is an exact m easure o f the  
d istance and has the  d im ens ion  /.

T h e  area between the fo rce  cu rve  and the  le ft hand  side 
o f the  pe rp e n d icu la r d ra w n  on the  second b ite  is a m easure 
o f the w o rk  done on the pear by  the  m ach ine d u r in g  the 
second b ite . T h e  area between the  r ig h t  hand  side o f th is  
pe rp e n d icu la r and the  fo rce  cu rve  on the second b ite  is a 
m easure o f the  w o rk  done on the  m ach ine by  the  pear as 
i t  recovers fro m  the com pression T h is  w o rk  is be ing  re 
tu rn e d  to  the  m ach ine. S im ila r ly ,  on the  f ir s t  b ite , the 
area u n d e r the cu rve  d u r in g  the  d o w n s tro ke  ( to  the  le ft 
o f the p e rp e n d ic u la r) m easures the  w o rk  done on the  pear 
by the  m a c h in e ; the area u n d e r the  cu rve  on the up s tro ke  
( to  the  r ig h t  o f the p e rp e n d ic u la r) m easures the  w o rk  done 
on the m ach ine by the  pear.

Because these tw o  sections u n d e r the  cu rve  can be sepa
ra ted  so easily  on the  In s tro n  c h a rt, i t  seemed p re fe rab le  
to  m easure areas A i  and A 2 as the  w o rk  done on the  pear 
by  the  m ach ine and exc lude  the  sm a lle r areas to  the r ig h t  
o f the  p e rp e n d icu la r lines. In  the  G .F . T e x tu ro m e te r  the  
to ta l area u n d e r each cu rve  is m easured and the re  is no 
separa tion  o f w o rk  done d u r in g  com press ion f ro m  w o rk  
re tu rn e d  d u r in g  decom pression. Cohesiveness, as defined 
by  the  G .F . T e x tu re  P ro file , is  the  ra t io  o f the  tw o  to ta l 
areas u n d e r the  curve . I n  th is  paper cohesiveness is the  
ra t io  o f the  tw o  areas to  the  le ft o f the  pe rpend icu la rs ,

D A Y S  IN  R IP E N IN G  R O O M
F ig . 3. C h a n g e s  in A , ,  A 2 a n d  c o h e s iv e n e ss  o f p e a r s  a s  a  fu n c 

tion  o f t im e  in  7 0 ° F  r ip e n in g  ro o m . A l l  sc a le s  up th e  o rd in a te  a re  
lin ea r  a n d  co m m en ce  a t  z e r o . F u ll sc a le  v a lu e s  a r e :  A i  280  cm*, 
A i  14cm *, c o h e s iv e n e ss  0 .07 , M a g n e s s - T a y lo r  14 .0  K g .
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A o /A i ,  and i t  is d im ension less. T h e  areas w ere  m easured 
by  p la n im e te r. T h e  areas un de r the curves to  the  r ig h t  
o f the  pe rpe nd icu la rs  are q u ite  sm a ll com pared to  the  to ta l 
areas and they p ro b a b ly  w o u ld  no t change the  cohesiveaess 
va lues s ig n if ic a n tly  had they  been inc luded .

T h e  G .F . T e x tu re  P ro f ile  defines chew iness as the  p ro d 
uc t o f hardness X cohesiveness X  e la s t ic ity ; gum m iness 
is defined as the p ro d u c t o f hardness X cohesiveness. 
These tw o  ca lcu la tions  have been fa ith fu l ly  fo llo w e d  in  
th is  paper, us ing  the values ob ta ined  fo r  hardness, cohesive
ness and e la s tic ity  as described above. U n d e r  these con
d itio n s  chew iness becomes a w o rk  fu n c tio n  w ith  d im e n 
sions m  l2 t~2 and gum m iness a fo rce  fu n c tio n  w ith  
d im ensions m  l F 2.

RESULTS AND DISCUSSION
T h e  G .F . p a r a m e t e r  of visc o sity  is n o t used since 

pears are so lid . T h e  pa ram e te r o f adhesiveness was 
v a n is h in g ly  sm a ll on a ll samples. A dhesiveness can th e re 
fo re  be considered as zero in  pears a t a ll stages o f ripeness.

In  F ig . 2 the  changes in  the  M a g n e s s -T a y lo r read ing , 
and in  the  G .F . T e x tu re  P ro f ile  pa ram ete rs  o f e las tic ity , 
hardness, b rittle ne ss , gum m iness and chew iness are p lo tte d  
as a fu n c tio n  o f days in  the  r ip e n in g  room . T h e  s tr ik in g  
fea tu re  o f these da ta  is th a t a ll these pa ram ete rs  o f the
G .F . T e x tu re  P ro file  ru n  a p p ro x im a te ly  p a ra lle l to  each 
o th e r and to  the M a g n e s s -T a y lo r test. T h e re  is an in it ia l 
ra p id  decrease in  va lue  o f each pa ram e te r w h ic h  lasts fo r  
abou t 16 days and th e re a fte r a s lo w  decrease in  each 
pa ram ete r. A  m easurem ent o f any one o f these p a ra m 
eters w o u ld  be an exce lle n t in d e x  o f any o f the  o th e r 
param eters.

I n  com m on w ith  the  pa ram ete rs  show n in  F ig . 2, the  
pa ram e te r o f cohesiveness decreases d u r in g  the  f ir s t  tw o  
weeks in  the r ip e n in g  ro o m  and then  fla tten s  ou t. H o w 
ever, cohesiveness does n o t decrease as m uch  p ro p o r t io n 
a te ly  as the  o th e r pa ram ete rs  and the re  is m uch  g re a te r 
sca tte r in  the  e x p e rim e n ta l po in ts . A n  e x a m in a tio n  o f the 
sources o f the  cohesiveness va lue  shows w h y  th is  happens.

Cohesiveness is de fined as the  q u o t ie n t:  area A l l / a r e a  
A I .  These tw o  areas are p lo tte d  in  F ig . 3. T h e y  b o th  
decrease in  the  same m anne r and a t abou t the  same ra te  
as the M a g n e s s -T a y lo r re a d in g  and the o th e r G .F . T e x tu re  
P ro file  param eters. S ince A I  is abou t 20 tim es as la rge  as 
A l l ,  cohesiveness is n u m e ric a lly  sm a ll. ' S m a ll flu c tu a tio n s  
in  A I  and A l l  appear as la rg e r flu c tu a tio n s  in  the  cohesive
ness va lue , especia lly  w hen the flu c tu a tio n s  in  A I  and A l l  
re in fo rce  o r oppose one ano the r. H a v in g  taken  these d i f f i
cu lties  in to  account, the  G .F . T e x tu re  P ro f ile  pa ram e te r

o f cohesiveness run s  a p p ro x im a te ly  p a ra lle l w i th  the  o th e r 
param eters  and w ith  the  M a g n e s s -T a y lo r read ing .

CONCLUSIONS
T h e  ev id e n c e  show s ho w  w e ll a ll the  app licab le  te x tu re  

param eters  o f pears decrease in  un iso n  d u r in g  r ip e n in g . A t  
f ir s t  the ra te  o f decrease is ra p id , b u t a fte r  abou t 2 weeks 
the ra te  o f change slow s do w n  fo r  a ll pa ram ete rs . W ith  
th is  k in d  o f behav io r, a lm ost any s ing le  te x tu re  m easure
m en t w i l l  g ive  a good in d e x  o f the  r ip e n in g  o f the  pear.

T h e  da ta  also th ro w  some l ig h t  on the  s im p le  te x tu re  vs 
com p le x  te x tu re  con tro ve rsy . T h e  a u th o r in te rp re ts  the 
evidence as m ean ing  th a t the  te x tu re  o f pears is indeed a 
com p le x  th in g , b u t i t  appears to  be s im p le  because a ll the  
pa ram ete rs  ru n  p a ra lle l as the  pears r ip e n . W h e n  a ll the  
va rio u s  te x tu ra l param eters o f a foo d  change to g e th e r in  
the same d ire c tio n  and a t the same ra te , th e  te x tu re  
m easurem ent o f th a t foo d  appears to  be s im p le . W h e n  the  
pa ram ete rs  do n o t change tog e the r o r  change in  d iffe re n t 
d irec tio ns , the te x tu re  o f th a t foo d  w o u ld  appear to  be 
com p lex. I n  a ll cases how ever, te x tu re  is in  fac t a com p le x  
p ro p e rty  o f food.
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